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A  Short  History  of  the  University  of  Bologna 


The  University  of  Bologna  is  the  oldest  University  in  the  Western  world:  the  birth  of 
the  (Studio*  was  conventionally  fixed  in  1088,  but  it  had  existed  long  before  that: 
it  arose  spontaneously  in  the  11th  century  as  a  free  association  of  students  and  teachers, 
who  founded  a  school  specialized  in  Roman  law,  the  common  cultural  heritage  of 
all  Western  people. 

The  University  of  Bologna  became  famous  with  the  motto  (Legum  Bononia  Mater* 
and  its  fame  attracted  students  from  all  over  Italy  and  Europe. 

The  students  organized  themselves  into  a  union  called  (Universitas  Scolarium »  to 
defend  their  rights:  the  Union  was  divided  into  two:  ( Universitas  Citramontanorum » 
for  italians  and  ( Universitas  Ultramontanorum *  for  foreigners. 

The  relations  between  students  and  the  (Comune*  of  Bologna  were  sometimes 
stormy  because  it  was  not  too  easy  to  reconcile  the  requests  of  the  <r Universitas * 
with  the  institutional  and  social  settlement  of  the  city. 

By  the  middle  of  the  13th  century  the  (Studio*  reached  its  masimum  power  and 
began  to  teach  many  other  subjects:  canon  law,  rhetoric,  medicine,  philosophy  and 
theology.  In  the  14th  century  many  other  universities  in  France,  England  and  Spain 
were  founded  often  with  the  same  statutes  and  according  to  the  same  model  of  the 
University  of  Bologna,  known,  from  then  on  as  “Alma  Mater  Studiorum". 

In  1563  a  magnificent  building,  the  Archiginnasio,  was  built  and  became  the  centre 
of  all  lectures. 

The  experimental  methods  and  the  new  sciences  were  developed  in  the  Academies, 
which  became  the  privileged  place  of  scientific  and  philosophical  research. 

The  most  famous  of  these  Academies  in  Bologna,  the  Institute  of  Science,  founded 
museums,  libraries  and  laboratories  in  the  building  which  became,  from  the  Napoleonic 
period  onwards,  the  seat  of  the  modem  University,  transferred  here  from  the  Archigin¬ 
nasio. 
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Welcome  to  ESSDERC  ’87 


It  is  a  great  pleasure  and  an  honour  to  welcome  you  to  the 
17th  European  Solid  State  Device  Research  Conference  ESSDERC  '87. 

This  is  the  first  time  that  the  Conference  is  held  in  Italy, 
and  we  have  tried  our  best  to  make  it  a  professionally-rewarding 
as  well  as  an  enjoiable  meeting.  Next  november  the  University  of 
Bologna  is  going  to  open  its  900th  Academic  Year,  and  we  are 
proud  to  contribute  by  this  scientific  event  to  the  celebrations 
of  the  "Alma  Mater  Studiorum". 

The  general  framework  of  the  Conference  follows  the  pattern 
established  over  the  recent  years  with  a  major  innovation:  the 
Proceedings  inclusive  of  both  invited  and  extended  abstracts  of 
the  contributed  papers,  are  made  available  to  all  the  Delegates 
attending  the  Conference  and  later  on  will  be  distributed 
worldwide  by  North  Holland  Publishing  Co.  We  hope  this  will 
contribute  to  the  success  of  the  Conference  and  will  increase  its 
impacts  on  the  international  scientific  community. 

Fourteen  invited  Speakers  will  present  a  survey  of  topics  of 
broad  interest  in  both  silicon  and  compound  semiconductors 
technology  and  devices,  while  "special  sessions"  have  been 
devoted  to  fast-developping  subjects  of  particular  relevance. 
Furthermore,  a  one-day  Workshop  on  SOI  technologies  has  jointly 
been  organized  with  the  Electronics  Division  of  the 
Electrochemical  Society,  and  a  panel  discussion  on  "Very  High 
Speed  Integrated  Circuits"  has  been  sponsored  by  the  XIII  Divi¬ 
sion  of  the  Commission  of  the  European  Community. 

The  Call  for  Papers  resulted  in  the  submission  of  a  record 
number  of  350  papers  from  20  Countries,  from  which  about  200  have 
been  selected  by  the  Scientific  Program  Committee  and  arranged 
in  three  daily  parallel  sessions  and  four  poster  sessions.^ 

The  technical  program  of  the  Conference  appears  to  be  quite 
demanding  and  the  time  allowed  to  Authors  necessarily  limited, 
but  we  hope  that  the  ESSDERC  *87  will  be  an  useful  professional 
experience,  an  occasion  to  meet  c'l  friends  and  to  make  new 
acquaintances,  and  an  opportunity  to  d. '-cover  some  of  the  many 
beauties  of  Bologna. 

We  would  like  to  thank  all  those  who  contributed  to  the 
organization  of  the  Conference  by  selecting  papers ,  planning . 
programmes,  chairing  sessions  and  doing  the  many  other 
organizational  tasks. 

Finally,  a  special  acknowledgement  is  due  to  the  Organiza¬ 
tions,  listed  in  a  separate  page,  who  have  sponsored  and 
supported  the  Conference. 


Pier  Ugo  Calzolari 
Giovanni  Soncini 


III 


7 


The  Conference  has  been  organized  by: 

Dipartimento  di  Elettronica,  Informatica  e  Sistemistica  (DEIS) 

University  di  Bologna 

Istituto  CNR  -  LAMEL 

Consiglio  Nazionale  delle  Ricerche  (CNR) 

AEI  Gruppo  Specialistico  CCTE 
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The  organizers  gratefully  acknowledge  support  provided  to  the  Conference  by: 

University  of  Bologna 

Comune  di  Bologna 

Regione  Emilia-Romagna 

The  Regional  Board  for  Economic  Dev.  (ERVET) 

Associazione  Elettrotecnica  ed  Elettronica  Italiana  (AEI) 

IEEE  North  Italy  Section 
IBM  Italia 

SGS  Microelettronica 

Aurel  -  Forli 

Bio  -  Rad  -  Milan 

Datalogic  -  Bologna 

Dynamite  Nobel  Silicon  -  Novara 

Electrochemical  Society  -  Electronics  Division 

European  Materials  Research  Society 

European  Physical  Society 

Gruppo  Nazionale  Struttura  della  Materia  (GNSM-CNR) 

GTE  Telecomunicazioni  -  Milan 

Hewlett  Packard  Italiana  -  Milan 

Honeywell  Bull  -  Milan 

Kormak  -  Bologna 

Officine  Galileo  -  Florence 

Olivetti  -  Ivrea 

Selenia  -  Rome 

Siemens  -  Munich 

SMA  -  Florence 

Telettra  -  Milan 

USAF  European  Office  of  Aerospace  Res.  and  Dev.  -  London 
US  Army  European  Research  Office  -  London 


U.S.A.  representative:  M.  Arienzo,  IBM,  USA 

Japan  representative:  T.  Ikoma,  Tokio  University 

China  representative:  Tong  Qin-Yi,  Nanjing  Institute  of  Technology 
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ORGANIZING  COMMITTEE 

G.  Soncini  Chairman  -  Istituto  CNR  -  LAMEL 

Scuola  Ingegneria  Aerospaziale  -  University  di  Roma  «La  Sapiepza» 
P.U.  Calzolari  Co-Chairman  -  University  di  Bologna 

V.A.  Monaco  Finance  Chairman  -  Presidente  Gruppo  Specialistico  AEI-CCTE 

Chairman  IEEE  North  Italy  Section 
G.C.  Corazza  Presidente  Fondazione  G.  Marconi 

D.  Nobili  Direttore  Istituto  CNR-  LAMEL 

A.  Paoletti  Direttore  Progetto  Finalizzato  «Materiali  e  Dispositivi  per  l’Elet- 

tronica  a  Stato  So  lido »  del  CNR 

A.  Stella  Presidente  GNSM  e  Direttore  CISM 

G.  Grata  CEE  ESPRIT  Programme  -  Head  of  Microelectronics  Division 

J.P.  Noblanc  Chairman  ESSDERC-ESSCIRC  Steering  Committee 

B. L.M.  Wilson  Chairman  ESSDERC  ’86 

J.P.  Nougier  Chairman  ESSDERC  ’88 


SCIENTIFIC  COMMITTEE 

G.  Baccarani 

Univ.  di  Bologna 

L.  Baldi 

SGS  Microelettronica 

P.  Balk 

Aachen  Univ. 

G.  Bent  ini 

CNR-LAMEL 

G.  Bomchil 

CNET 

A.  Broers 

Cambridge  Univ. 

A.  Cetronio 

SELENIA  Roma 

G.  Declerck 

IMEC 

V.  Ghergia 

CSELT  Torino 

M.  Ilegems 

Lausanne  Inst,  of  Technology 

F.  Klaassen 

PHILIPS 

M.  Kniepkamp 

SIEMENS 

H.  Martinot 

CNRS 

M.  Montier 

EFCIS  Thomson 

E.  Munoz  Merino 

Madrid  University 

G.F.  Piacentini 

TELETTRA  Milano 

J.  Robertson 

Edimburg  Univ. 

P.  Rocchi 

LEP 

H.  Ryssel 

Erlangen- Numberg  University 

S.  Selberherr 

Wien  University 

J.  Turner 

Plessey  Research 

P.  Weissglass 

Inst.  Microwave  Technology 

A.  Wieder 

SIEMENS 

C.  Wood 

G.E.C.  Wembley 

Italy 

Italy 

W.  Germany 
Italy 
France 
U.K. 

Italy 

Belgium 

Italy 

Switzerland 

Netherlands 

W.  Germany 

France 

France 

Spain 

Italy 

U.K. 

France 
W.  Germany 
Austria 
U.K. 

Sweden 
W.  Germany 
U.K. 


SPECIAL  SESSIONS  ORGANIZERS 

B.  Riccd  Univ.  of  Bologna  Italy 

Monte  Carlo  simulation  for  device  modelling 
W.  Orr-Arienzo  IBM  East  Fishkill  USA 

Gettering  phenomena  in  silicon  and  related  device  effects 

L.  Treitinger  Siemens  W.  Germany 

Ultrafast  silicon  bipolar  devices 

M.  Melchior  RTH,  Zurich  Switzerland 

Ultrafast  optoelectronics 

J.  Robertson  University  of  Edinburg  U.K. 

Test  structures  for  I.C.  devices  and  process  evaluation 
F.  Fantini  Telettra,  Milano  Italy 

Reliability  Physics 
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SUNDAY,  SEPTEMBER  13, 1987 

CONFERENCE  REGISTRATION:  4.00  p.m.  -  7.00  p.m.  Conference  Desk 

Pal azzo  della  Culture  a  dal  Conoretsi.  Fiera  District 

MONDAY,  SEPTEMBER  14, 1987 

CONFERENCE- REGISTRATION:  8.00  a.m.  -  7.00  p.m. 

9.30  a.m.  -  10.00  a.m.:  OPENING  CEREMONY  •  Chairman:  P.U.  Calzolari,  G.  Sonclni  •  Sala  Europe 

IO. 00  a.m.  -  10.45  a.m. 

IP.  1:  BIPOLAR-CMOS  COMBINED  PROCESSES:  DREAM  OR  NIGHTMARE? 

Invitad:  P.A.H.  Hart  -  Chairman:  W.  Heywang  •  Sala  Europe 

11.15  a.m.  -  12.30  a.m. 

Al  l:  BIPOLAR-CMOS 

Chairman:  G.  Zocchi 

Sala  Europa 

11.15  a.m.  •  11.45  a.m. 

IP.2:  NEW  DEVELOPMENTS  IN  SOLID  STATE  DETECTORS 

Invited:  E.  Gatti  -  Chairman:  A.  Paoletti  •  Sale  Italia 

11.45  a.m. -12.30  a.m. 

Bl.l:  COMPOUND  SEMICONDUCTORS 
TECHNOLOGY  1 

Chairman:  H.  Martinet  -  Sala  Italia 

11.45  a.m.-  12.30  a.m. 

Cl.l:  POWER  DEVICES  1 

Chairman:  A.  Stella 

Sala  Bianca 

2.00  p.m.  -  2.40  p.m. 

IP. 3:  PROCESSING  AND  CHARACTERIZATION  OF  ULTRASMALL  SILICON  DEVICES 

Invitad:  G.  Sai-Halasz  -  Chairman:  F.M.  Klaassen  -  Sala  Europa 

2.45  p.m.  -  3.30  p.m. 

A1.2:  ULTRASMALL  MOS  DEVICES 
Chairman:  F.M.  Klaassan 

Sala  Europa 

2.45  p.m.  -  3.45  p.m. 

B1.2:  MONTECARLO  DEVICE  SIMULATION  1 
Chairman:  B.  Ricc6 

Sala  Italia 

2.45  p.m.  •  3.45  p.m. 

C1.2:  COMPOUND  SEMICONDUCTORS 
TECHNOLOGY  II 

Chairman:  A.  Cetronio  -  Sala  Bianca 

4.00  p.m.  -  5.30  p.m. 

A1.3:  MOS  RELIABILITY  1 

Chairman:  T.F.  Retajczyk 

Sala  Europa 

4.00  p  -n. .  4.30  p.m. 

IP.4:  VISIBLE  LIGHT  a-SiC  THIN  FILM  LED  AND  ITS  APPLICATION 

TO  NEW  OE  FUNCTIONAL  ELEMENTS 

Invited:  Y.  Hamakawa  -  Chairman:  D.  Nobili  -  Sala  Italia 

4.30  p.m.  -  5.30  p.m. 

B1.3:  MONTECARLO  DEVICE 

SIMULATION  II 

Chairman:  B.  Ricci  -  Sala  Italia 

4.30  p.m.  -  6.00  p.m. 

POSTER  SESSION 

PI. l  a:  SILICON  METALIZATION 

AND  CONTACTS 

Pl.l.b:  SENSORS  AND  DETECTORS 

Foyer  Italia 

TUESDAY.  SEPTEMBER  16, 1987 

9.00  a.m.  -  9.40  a.m. 

IP. 5:  TRENDS  IN  THREE  DIMENSIONAL  INTEGRATION 

Invited:  Y.  Akasaka  -  Chairman:  R.  Van  Overstraetene  -  Sala  Europa 

9.45  a.m.  -  1 1.00  a.m. 
B2.1:  SOI  WORKSHOP  1 
Chairman:  D.  Me  Caughan 
Sala  Italia 

9.45  a.m.  - 10.45  a.m. 

A2.1:  ULTRAFAST  BIPOLAR  1 
Chairman:  L  Treitinger 

Sala  Europa 

9.45  a.m.  - 11.00  a.m. 

C2.1:  GaAs  DEVICE  MODELLING 
Chairman:  E.  Munoz  Merino 

Sala  Bianca 

9.45  a.m.  - 10.45  a.m. 

D2.1:  GETTERING  1 

Chairman:  W.  Orr  Arienzo 

Sala  Azzurra 

11.15  a.m.  -  12.45  a.m. 
B2.2:  SOI  WORKSHOP  II 
Chairman:  D.  Me  Caughan 
Sala  Italia 

11.15  a.m.-  1230  a.m. 

A2.2:  ULTRAFAST  BIPOLAR  II 
Chairman:  L.  Treitinger 

Sala  Europa 

1 1. 15  a.m.  - 1 1.45  a.m. 

IP.6:  CVD  AND  INTEGRATED  CIRCl 
Invited:  J.O.  Carlsson  -  Chairman:  G.  B< 

JITS  METALLIZATION 
jmchil  -  Sala  Bianca 

11.45  a.m.  - 12.30  a.m. 

C22:  MOS  MODELLING 

Chairman:  G.  Baccarani 

Sala  Bianca 

11.45  a.m.  -  13.00  a.m. 

POSTER  SESSION 

P2.1.a:  SI  PROCESSING  AND 
PROCESS  MODELLING 

P2.1.b:  MOS  PROCESSING 

Foyer  Italia 

2.00  p.m.  -  3.45  p.m. 

B2.3:  SOI  WORKSHOP  III 
Chairman:  D.  Me  Caughan 
Sala  Italia 

2.00  p.m.  -  2.40  p.m. 

IP.7:  BIPOLAR  HETEROJUNCTION  TRANSISTORS:  OUT  OF  MODELS  INTO  REALITY 

Invited:  A.J.  Holden  •  Chairman:  M.  Kniepkamp  -  Sale  Europa 

2.45  p.m.  -  3.30  p.m. 

A2.3:  ULTRAFAST  BIPOLAR  III 
Chairman:  L.  Treitinger 

Sala  Europa 

2.45  p.m.  ■  3.30  p.m. 

C23:  MOS  MODELLING  II 

Chairman:  S.  Selberherr 

Sala  Bianca 

2.45  p.m.  -  3.30  p.m. 

D2.2:  GETTERING  II 

Chairman:  W.  Orr-Arienzo 

Sala  Azzurra 

4.00  p.m.  -  5.30  p.m. 

B2.4:  GaAs  MESFET 
RELIABILITY 

Chairman:  F.  Fantini 

Sala  Italia 

4.00  p.m.  •  5.45  p.m. 

A2.4:  CMOS  TECHNOLOGY 
Chairman:  L.  Baldl 

Sala  Europa 

4.00  p.m.  -  4.30  p.m. 

IP.8:  ION  BEAM  LITHOGRAPHY 
Invited:  H.  Ldschner  -  Chairman:  A.  Br 

oers  -  Sala  Bianca 

4.30  p.m.  •  5.45  p.m. 

C2.4:  POWER  DEVICES  II 

Chairman:  E.  Rimini 

Sala  Bianca 

4.30  p.m.  -  6,00  p.m. 

POSTER  SESSION 

P2.2.a:  MOS  DEVICES.  MEASU¬ 
REMENTS  AND  SPECIAL  DEVICES 
P2.2.b:  MOS  RELIABILITY  II 

Foyer  Italia 
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WEDNESDAY.  SEPTEMBER  16, 1987 

9.00  a.m.  -  9.40  a.m. 

IP.9:  TRENDS  IN  NON-VOLATILE  MEMORY  DEVICES  AND  TECHNOLOGIES 

Invited:  H.E.  Maes  -  Chairman:  G.  Declerck  -  Sala  Europa 

9.4S  a.m.  -  10.45  a.m. 

A3.1:  MOS  MEMORIES 

Chairman:  G.  Declerck 

Sala  Europa 

9.45  a.m.  - 10.45  a.m. 

B3.1:  LATCH-UP 

Chairman:  M.  Montier 

Sala  Italia 

9.45  a.m.  - 10.45  a.m. 

PANEL  SESSION 

VERY  HIGH  SPEED 

INTEGRATED  CIRCUITS 

Chairman:  H.  Wieder 

Sala  Bianca 

9.45  a.m.  -  10.45  a.m. 

D3.1:  LASER  ) 

Chairman:  C.  Wood 

Sala  Azzurra 

11.15  a.m.  -  12.30  a.m. 

A3.2:  THIN  MOS 

DIELECTRICS 

Chairman:  P.  Balk 

Sala  Europa 

11.15  a.m.  - 11.45  a.m. 

IP.  10:  LIGHT-GUIDED  ETCHING  FOR  lll-V 
SEMICONDUCTOR  DEVICE  FABBRICATION 
Invited:  D.  Podlesnik- Chairman:  G.  Bentini 

Sala  Italia 

11.15  a.m.  -  11.45  a.m. 

IP.  11:  DESIGN  AND  PERFORMANCE 

OF  HIGH  POWER  SEMICONDUCTOR  LASERS 
Invited:  K.  Mettler  -  Chairman:  T.  Ikegami 

Sala  Bianca 

11.45  a.m.  - 12.30  a.m. 

B3.2:  COMPOUND 
SEMICONDUCTORS 
TECHNOLOGY  III 

Chairman:  G.F.  Piacentini 

Sala  Italia 

11.45  a.m.  - 12.30  a.m. 

PANEL  SESSION 

VERY  HIGH  SPEED 

INTEGRATED  CIRCUITS 

Chairman:  H.  Wieder 

Sala  Bianca 

11.45  a.m.  -  12.30  a.m. 

D3.2:  LASER  II 

Chairman:  J.  Turner 

Sala  Azzurra 

ZOO  p.m.  •  7.00  p.m. 

EXCURSION  BY  COACH  TO  RAVENNA 

9.00  p.m.  -  12.00  p.m. 

GALA  DINNER  IN  “PALAZZO  ALBERGATI” 

Bus  departure  to  Palazzo  Albergati:  from  Palazzo  rlei  Congressi:  at  8.30  p.m. 

from  Central  Railway  Station:  at  8.30  p.m. 
from  Piazza  Maggiore:  at  8.30  p.m. 

THURSDAY.  SEPTEMBER  17. 1987 

9.00  a.m.  -  9.40  a.m. 

IP.  12:  INTEGRATED  OPTICS:  LiNbO  OR  SEMICONDUCTORS? 

Invited:  M.  Papuchon  -  Chairman:  J.P.  Nob  lane  -  Sala  Europa 

9.45  a.m.  -  10.45  a.m. 

A4.1:  INTEGRATED 

OPTOELECTRONICS  1 

Chairman:  P.  Rocchi 

Sala  Europa 

9.45  a.m.  -  10.45  a.m. 

B4.1:  BIPOLAR  MODELLING  1 

Chairman:  H.C.  DeGraaff 

Sala  Italia 

9.45  a.m.  - 10.45  a.m. 

C4.1:  TEST  CHIPS 

Chairman:  J.  Robertson 

Sala  Bianca 

11.15  a.m.  -  1Z30  a.m. 

A4.2:  INTEGRATED 

OPTOELECTRONICS  II 

Chairman:  V.  Ghergia 

Sala  Europa 

11.15  a.m.  - 11.45  a.m. 

IP.13:  THE  PHYSICS  OF  SILICIDE  BASE  TRANSISTORS 

Invited:  E.  Rosencher  -  Chairman:  H.  Ryssel 

Sala  Itafia 

11.45  a.m.  - 12.30  a.m. 

B4.2:  BIPOLAR  MODELLING  II 

Chairman:  H.C.  De  Graaff 

Sala  Italia 

11.45  a.m.  -  13.00  a.m. 

POSTER  SESSION 

P4.1.a:  GaAs  TECHNOLOGY 

AND  DEVICES 

P4.1.b:  OPTOELECTRONICS 
Foyer  Italia 

2.00  p.m.  -  2.40  p.m. 

IP.  14:  HEMT  AND  MQW  BASED  1C.  TECHNOLOGY  FOR  ULTRA-HIGH  SPEED  SIGNAL  PROCESSING 

Invited:  A.  Christoy  •  Chairman:  B.L.M.  Wilson  -  Sala  Europa 

2.45  p.m.  -  4.00  p.m. 

A4.3:  BIPOLAR  TECHNOLOGY 

Chairman:  A  Wieder 

Sala  Europa 

2.45  p.m.  ■  4.00  p.m. 

B4.3:  ULTRAFAST  OPTOELECTRONICS 

Chairman:  M.  Melchior 

Sala  Italia 

2.45  p.m.  -  4.00  p.m. 

C4.2:  LATE  NEWS 

Chairman:  P.U.  Calzolari 

Sala  Bianca 

Technical  Program  Contents 


MONDAY,  SEPTEMBER  14, 1987 


SALA  EUROPA  -  CHAIRMEN:  P.U.  CALZOLARl  AND  G.  SONCINI 
9.30  Opening  Ceremony 


SALA  EUROPA  -  CHAIRMAN:  W.  HEYWANG 

10.00  IP.l  Bipolar -CMOS  combined  processes.  Dream  or  nightmare?  (invited)  1 

P.A.H.  Hart 

Philips  Research  Labs.,  Eindhoven,  NL 


SALA  ITALIA  -  CHAIRMAN:  A.  PAOLETTI 

11.15  IP.2  New  developments  in  solid-state  detectors  (invited)  9 

E.  Gatti,  A.  Longoni  and  M.  Sampietro 
Politecnico  of  Milan,  Milan,  Italy 


SESSION  Al.l :  BIPOLAR -CMOS 
Monday,  September  14, 1987 

SALA  EUROPA  -  CHAIRMAN:  G.  ZOCCHI 

11.15  Al.1.1  The  usefulness  of  advanced  drain  structures  as  emitters  in  scaled  25 
BICMOS 

J.  Winnerl,  F.  Neppl,  B.  Vollmer,  M.  Stegherr  and  B.  PfUffel 
Siemens,  Munchen,  FRG 

11.30  Al.l. 2  1.2  pm  Bi- CMOS  technology  with  high  performance  ECL  29 

H.  Iwai,  Y.  Niitsu,  G.  Sasaki,  M.  Norishima,  K.  Shino,  Y.  Unno,  K.  Tsugaru, 

H.  Hara,  Y.  Sugimoto  and  K.  Kanzaki 
Toshiba,  Kawasaki,  Japan 

11.45  Al.l. 3  Multipower  BCD  250V:  a  versatile  technology  to  realize  high  33 
performance  PICs 

A.  Andreini,  C.  Contiero  and  P.  Galbiati 
SGS  Microeiettronica,  Milan,  Italy 

12.00  Al.l .4  A  1.5  pm  analogue  CMOS  process 
J.N.  Ellis,  J.G.  Daniels  and  D.J.  Wilcox 
Plessey,  Caswell,  UK 

(extended  abstract  not  available  at  the  time  of  printing) 

12.15  Al.l. 5  Rapid  thermal  processing  of  polysilicon  emitter  bipolar  transistors  in  a  37 

combined  CMOS/Bipolar  process 

L.A.  Grant,  D.W.  McNeill 
STC  Technology,  Harlow,  UK 
P.F.  Blomley 
LSI  Logic,  Bracknell,  UK 
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SESSION  Bl.l :  COMPOUND  SEMICONDUCTORS  TECHNOLOGY  1 
Monday,  September  14, 1987 

SALA  ITALIA  -  CHAIRMAN:  H.  MARTINOT 

11.45  Bl.1.1  Substrate  influences  on  the  activation  of  ion  implanted  Si  in  GaAs  43 
R.D.  Schnell  and  H.  Schink 
Siemens,  Munchen,  FRG 

12.00  Bl.1.2  Comparison  of  rapid  annealing  and  furnace  annealing  of  Si  implanted  47 
into  GalnAs 

J.  Splettstosser,  H.  Heesel,  U.  Breuer,  W.  Albrecht  and  H.  Beneking 
Aachen  Technical  Univ.,  Aachen,  FRG 
D.  Schmitz 

Aixtron,  Aachen,  FRG 
J.  Selders 

Telefunken  Electronic,  Heilbronn,  FRG 


12.15  Bl.l. 3  Yield-performance  considerations  for  ion-implanted  GaAs  integrated  51 
circuits  based  on  substrate  material  properties 
C.  Lanzieri,  R.  Graffitti,  C.  Calori,  S.  Rapisarda  and  A.  Cetronio 
SELENIA,  Rome,  Italy 


SESSION  C1.1:  POWER  DEVICES  I 
Monday,  September  14, 1987 

SALA  BIANCA  -  CHAIRMAN:  A.  STELLA 

1 1 .45  Cl.l .1  A  novel  1 500  volt  IGBT  device  with  improved  turn-off  performance  57 
J.  Blake,  H.E.  Brockman  and  R.W.  Cooper 
Philips  Res.  Labs,  Redhill,  UK 

12.00  Cl. 1.2  Design  of  a  1600  V  power  bipolar  mode  FET  61 

P.  Spirito  and  G.  Vitale 

Naples  Univ.,  Dptm.  of  Electronics  Engineering,  Naples,  Italy 
G.  Busatto 

IRECE-CNR,  Naples,  Italy 

G.  Ferla  and  S.  Musumeci 

SGS  Microelettronica,  Catania,  Italy 

12.15  Cl  .1.3  Modelling  bipolar  transitor  second  breakdown  during  turn-off  by  65 
solution  of  the  fundamental  device  equations 
S.A.  Higgins,  M.K.  Johnson,  P.A.  Gough  and  J.A.G.  Slatter 
Philips  Res.  Labs.,  Redhill,  UK 

SALA  EUROPA  -  CHAIRMAN:  F.M.  KLAASSEN 

14.00  IP3  Processing  and  characterization  of  ultrasmall  silicon  devices  (invited)  71 
G.A.  Sai-Halasz 

IMB,  T.J.  Watson  Res.  Center,  Yorktown  Heights,  NY,  USA 


SESSION  A1 .2:  ULTRASMALL  MOS  DEVICES 
Monday,  September  14, 1987 

SALA  EUKOPA  -  CHAIRMAN:  P.lt.  KLAASSEN 

14.45  At. 2.1  Half-micrometer  N-MOS  technology  using  X-Ray  lithography  83 

V.  Lauer,  F.  Bauer,  J.  Korec  and  P.  Balk 
Aachen  Technical  Univ.,  Aachen,  FRG 
H.  Huber 

Fraunhofer -Institut,  Berlin,  FRG 

1 5.00  AI.2.2  Offset  diffused  drain  transitors  for  half-micron  CMOS  87 

P.H.  Woerlee,  C.A.H.  Juffermans,  H.  Lifka,  F.M.  Oude  Lansink,  RJ.R 
Merks-Eppingbroek,  T.  Poorter  and  A.J.  Walker 
Philips  Res.  Labs.  Eindhoven,  NL 

15.15  K\23  0.5  pm  CMOS  Device  design  and  characterization  91 

A.I.  Hanafi,  M.R.  Wordeman,  L.K.  Wang,  Y.Taur,  J. Y.C.  Sun,  R.H. Dennaid, 

D.S.  Zicherman  and  M.D.  Rodriguez 

IBM,  T.J.  Watson  Res.  Center,  Yorktown  Heights,  NY,  USA 

N.  Haddad,  A.  Edenfeld  and  M.  Polavarapu 

IBM  FSD,  Manassas,  VA,  USA 


SESSION  B1.2:  MONTE  CARLO  DEVICE  SIMULATION  I 
Morday,  September  14, 1987 

SALA  ITALIA  -  CHAIRMAN:  B.  RiCCO’ 

14.45  Bl.2.1  Monte  Carlo  simulation  of  semiconductor  devices:  a  critical  review  97 

P.  Lugli  and  C.  Jaooboni 
Modena  Univ.,  Modena,  Italy 

15.00  Bl.2.2  A  Monte  Carlo  study  of  diffusion  coefficients  of  two-dimensional  103 
electron  gas  in  HEMT  AlGaAs-GaAs  structures 
J.  Zimmerman  and  Y.  Wu 
Lille  Univ.,  Villeneuve  d’Ascq,  France 

15.15  B12J  Monte  Carlo  simulation  of  classical  and  inverted  MODFET  structures  107 
R.  Fauquembeigue,  M.  Pemisek,  J.L.  Thobel  and  P.  Bourel 
Lille  Univ.,  Villeneuve  d’Ascq,  France 

15.30  Bl.2.4  The  particle  simulation  of  self -aligned  GaAs  MESFETs  with  a  sub-  111 
micrometer  gate-lenght 
Y.  Yamada,  S.  Ikeda  and  N.  Shimojoh 
Kumamoto  Univ.,  Kumamoto,  Japan 
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SESSION  Cl. 2:  COMPOUND  SEMICONDUCTORS  TECHNOLOGY  H 
Monday,  September  14, 1987 

SALA  BIANCA  -  CHAIRMAN:  A.  CETRONIO 

14.45  Cl. 2.1  Redistribution  of  ion-implanted  mercury  during  rapid  thermal  117 
annealing  of  GalnAs  and  InP 
J.H.  Wilkie  and  B.J.  Sealy 
Suney  Univ.,  Guildford,  UK 

15.00  CI.2.2  Rapid  thermal  annealing  of  Be  implants  into  undoped  InP  121 

W.  Haussler, 

Siemens,  Munchen,  FRG 

15.15  Cl. 2.3  Accumulation  of  implanted  hydrogen  at  the  superlattice/substrate  125 
interface 
J.M.  Zavada 

USARDSG,  London,  UK 

R. G.  Wilson 

Hughes  Res.  Labs,  Malibu,  CA,  USA 

S. W.  Novak 

Evans  Ass.,  Redwood  City,  CA,  USA 

15.30  Cl. 2.4  Multipolar  plasma  treatments  of  InGaAs  surface  for  MIS  devices  129 
aplications 

M.  Renaud,  P.  Boher,  J.  Barrier,  J.  Schneider  and  J.P.  Chan6 
LEP,  Limeil  Brevannes,  France 


SAJLA  ITALIA  -  CHAIRMAN:  D.  NOBILI 

16.00  IP.4  Visible  light  a-SiC  thin  film  LED  and  its  application  to  new  OE-func-  135 
tional  elements 

Y.  Hamakawa,  D.  Krungam,  H.  Okamoto  and  H.  Takakura 
Osaka  Univ.,  Osaka,  Japan 


SESSION  A1 .3:  MOS  RELIABILITY  I 
Monday,  September  14,  1987 

SALA  EUROPA  •  CHAIRMAN:  T.F.  RETAJCZYK 

16.00  Al.3.1  Comparison  between  hot-carrier  drift  and  radiation  damage  in  MOS  145 
devices 

A. G.  Sabnis 

AT  &  T  Bell  Labs.,  Allentown,  PA.,  USA 

16.15  Al. 3. 2  The  rote  of  holes  and  electrons  in  the  aging  of  MOS  transistors  151 

M.  Tosi,  L.  Baldi  and  F.  Maggioni 
SGS  Microelettronica,  Milan,  Italy 

16.30  Al.3.3  The  voltage  dependence  of  degradation  in  N-MOS  transistors  155 

B. S.  Doyle,  M.  Bourcerie,  J.C.  Marchetaux  and  A.  Boudou 
BULL  S.A.,  Les  Gayes  sous  Bois,  France 
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1 6.45  A1.3 .4  Characterisation  and  analysis  of  hot-carrier  degradation  in  p- channel  1 59 

transistors  using  constant  current  stress  experiments 
R.  Bellens,  P.  Hermans,  G.  Groeseneken  and  H.E.  Maes 
IMEC,  Leuven,  Belgium 

17.00  A1.3.S  Correlation  between  flatband  voltage  shift  in  MOS  capacitors  and  163 
endurance  degradation  of  EEPROM  cells 
J.  Manthey,  M.  Dutoit  and  M.  Ilegems 
Federal  Institute  of  Technology,  Lausanne,  Switzerland 

17.15  Al.3.6  Degradation  phenomena  of  tunnel  oxide  floating  gate  EEPROM  167 
devices 

J.S.  Witters,  G.  Groeseneken  and  H.E.  Maes 
IMEC,  Leuven,  Belgium 


SESSION  B1.3:  MONTE  CARLO  DEVICE  SIMULATION  D 
Monday,  September  14, 1987 

SALA  ITALIA  -  CHAIRMAN:  B.  RIOCO' 

16.30  Bl.3.1  /A  Monte  Carlo  approach  to  the  study  of  the  dirft -diffusion  transport  173 
model 

C.  Mantilb,  F.  Venturi,  B.  Ricc6  and  E.  Sangiorgi 
Bologna  Univ.,  Bologna,  Italy 

16.45  Bl.3.2  Hot  electron  dynamics  Monte  Carlo  simulation  in  heterostructure  177 
semiconductor  devices 
F.  Antonelli 
IBM,  Roma,  Italy 
P.  LugH 

Modena  Univ.,  Modena,  Italy 

17.00  B133  A  Monte  Carlo  analysis  of  diffusion-noise  properties  in  GaAs-AlGaAs  181 
Quantum  Wells 

S.M.  Goodnick 

Oregon  State  Univ.,  Corvallis,  Oregon,  USA 
R.  Brunetti 

Modena  Univ.,  Modena,  Italy 

17.15  B134  A  deterministic  particle  method  for  the  semiconductor  Boltzmann  185 
equation 

P.  Degond,  B.  Niclot  and  F.  Guyot 
Ecole  Polytechnique,  Palaiseau,  France 
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SESSION  PI  .1 :  POSTERS 
Monday,  September  14, 19S7 

a.  Silicon  Metalkzation  and  contacts 

Pl.1.1  TiW  as  a  direct  contact  material  and  a  diffusion  barrier  to  n+  and  p+  191 
implanted  areas 
A  Lindberg  and  M.  Ostling 

Inst,  of  Microwave  Technology,  Stockholm,  Sweden 
H.  Norstrom  and  U.  Wennstrom 
RIF  A,  Stockholm,  Sweden 

Pl.1.2  Comparison  of  the  behaviour  of  As  during  Ti  and  WSi2  formation  197 

J.  Torres,  J. C.  Oberlin,  G.  Bomchil  and  A.  Perio 
CNET,  Meylan,  France 

D.  Levy 

Bull,  Les  Clayes-sous-Bois,  France 

A.  Saulnier,  J.P.  Ponpon  and  R.  Stuck 

CNRS,  Centre  de  Recherches  Nucleaires,  Strasbourg,  France 

Pl.1.3  LPCVD  tungsten  filled  vias  for  multilayer  metahzation  201 

S.L.  Zhang,  R.  Buchta  and  T.  Johansson 

Inst,  of  Microwave  Technology,  Stockholm,  Sweden 

H.  Norstrom  and  U.  Wennstrom 

RIFA,  Stockholm,  Sweden 

PI  .1.4  Al/TiN/TiSi2  contacts  to  ultra  shallow  junctions  205 

E.  Ling,  H.S.  Gamble,  B.M.  Armstrong  and  J.H.  Montgomery 
The  Queen’s  Univ.,  Belfast,  N.  Ireland 

Pl.1.5  The  effect  of  ion- irradiation  and  rapid  thermal  annealing  on  TiSL  and  209 

MoSi^ 

L.  Gronberg,  J.  Saarilahti  and  I.  Suni 
Techn.  Res.  Centre,  Otakaari,  Finland 
Ch.  Krontiras 
Patras  Univ,  Patras,  Greece 

PI  .1.6  Evaluation  of  efectromigration  activation  energy  by  means  of  noise  213 

measurements  and  MTF  tests 

A.  Dibgenti,  P.E.  Bagno li  and  B.  Neri 

Pisa  Univ.,  Pisa,  Italy 

G.  Specchiulli 

Telettra,  Milan,  Italy 

PI .1.7  Electromigration  in  narrow  Al(Si)  stripes  for  VLSI:  comparison  217 
between  MTF  and  resistometric  methods  for  life  prediction 
G.  Specchiulli  and  F.  Fantini 
Telettra,  Milan,  Italy 
G.  De  Santi 

SGS  Microelettronica,  Milan,  Italy 

PI.  13  Electromigration  control:  the  accelerated  BEM  test  22 1 

L.  Bacci,  C.  Caprile  and  G.  De  Santi 
SGS  Microelettronica,  Milan,  Italy 
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PI. 15  Electrical  and  structural  characterization  of  electromigration  in  225 

Al-Si/Ti  multilayer  interconnects 

M.  Finetti,  A.  Scorzoni,  A.  Armigiiato  and  A.  Garulli 

CNR-LAMEL,  Bologna,  Italy 

I.  Suni 

Technical  Res.  Center,  Otakaari,  Finland 

PI. 1.10  Plasma-enhanced  chemical  vapour  deposition  on  silicon  and  silicon  229 
dioxide  substrates 

C.M.T.  Hodson,  J.  Wood  and  M.  Middleton 
York  Univ.,  Dptm.  of  Electronics,  York,  UK 

PI  .1.11  Plasma  anodization  of  silicides  233 

B.  Pelloie,  J.  Peniere,  J.P.  Enard  and  A.  Laurent 
Univ.  of  Paris  VII,  Paris,  France 

I.  Montero,  A.  Climent,  R.  Perez  and  J.M.  Martinez-Duart 
Univ.  Autonoma  Cantoblanco,  Madrid,  Spain 
R.  Nipoti  and  S.  Guerri 
CNR-LAMEL,  Bologna,  Italy 

Pl.1.12  A  novel  process  for  sihcide  formation  using  dynamic  recoil  mixing  237 
L.I.  Haworth,  R.  Holwill  and  J.M.  Robertson 
Edinburgh  Univ.,  Edinburgh,  UK 

A. E.  Hill  and  R.  Pilkington 
Univ.  of  Salford,  Salford,  UK 

b.  Sensors  and  detectors 

Pl.1.13  Simulation  of  gate-controlled  double-injection  SOI  structures:  appli-  241 
cation  to  micromagnetodiode  sensors 

G.  Dimopoulos,  F.  Balestra,  A.  Chovet,  M.  Benachir  and  J.  Brini 
ENSERG,  Grenoble,  France 

PI. 1.14  Optimization  of  p-impianted  silicon  bolometers  245 

E.  Baciocco,  C.  Boragno  and  U.  Valbusa 
Dip.  Fisica,  Univ.  of  Genova,  Italy 

C.  Bresolin  and  G.  Pignatel 

SGS  Microelettronica,  Milan,  Italy 

PI  .1.15  Large-area  silicon  detectors  for  calorimetry  in  high-energy  physics  249 

B.  Passerini,  M.  Zambelli  and  P.E.  Zani 
Ansaldo,  Genova,  Italy 

PI  .1.16  A  Magnetic  field  sensor  using  a  graded  gate  potential  253 

B.S.  Gill  and  E.L.  Heasell 

Univ.  of  Waterloo,  Waterloo,  Ontario,  Canada 

PI .1.17  Numerical  modelling  of  magnetic  field  sensitive  MOSFET  257 

Ho  Yie,  Wei  Tongli  and  Shen  Kechang 
Nanjing  Inst,  of  Technology,  Nanjing,  China 


PI  .1 .18  Enzymatic  reaction  heat  detection  by  a  pyroelectric  device 
R.  Mercuri 

I.E.S.S.-CNR,  Roma,  Italy 
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A.  Barbara,  V.  Baroncelii,  C.  Colapicchioni,  R.  Colilli,  I.  Giannini  and  M. 
Lupoli 

Eniricerche,  Monterotondo  (Roma),  Italy 
A.  D’Amico 

L’Aquiia  Univ.,  L’Aquila,  Italy 

(extended  abstract  not  available  at  the  time  of  printing) 


P1.1.I9  Research  on  the  growth  condition  of  CdTe  angle  crystal  for  y-ray  261 
detectors 

K.  Mochizuki  and  K.  Masumoto 
Tohoku  Univ.,  Sendai,  Japan 


TUESDAY,  SEPTEMBER  IS,  1987 


SALA  EUROPA  -  CHAIRMAN :  R.  VAN  OVERSTRAETEN 

9.00  IP.S  Trends  in  three-dimensional  integration  (invited)  265 

Y.  Akasaka 

LSI  Lab.,  Mitsubishi  Electric  Co.,  Japan 


SESSION  A2.1 :  ULTRAFAST  BIPOLAR  I 
Tuesday,  September  15, 1987 

SALA  EUROPA  -  CHAIRMAN:  L.  TREITINGER 

9.45  A2.1.1  History,  present  trends  and  scaling  of  silicon  bipolar  tecnology  277 
(invited) 

Tak  H.  Ning 

IBM,  T.J.  Watson  Res.  Center,  Yorktown  Heights,  NY,  USA 

10.15  A2.1.2  PABLO  vs.  double-poly.  A  Comparison  of  two  high-performance  283 
bipolar  technologies 
R.A.  Van  Es  and  D.J.W.  Noorlag 
Philips  Research  Labs.,  Eindhoven,  NL 

1030  A2.1.3  Rapid  annealing  for  shallow  junction  formation  287 

A.E.  Michel 

IBM,  T.J.  Watson  Res.  Center,  Yorktown  Heights,  NY,  USA 


SESSION  B2.1 :  SOI  WORKSHOP  I 
Tuesday,  September  15, 1987 

SALA  ITALIA  -  CHAIRMAN:  D.  MC  CAUGHAN 

9.45  B2.1J  RecrystalMzation  of  SOI  films  by  a  pseudoline  electron  beam  (Invited)  293 
H.  Ishiwara  and  S.  Horita 
Tokio  Inst,  of  Technology, Yokohama,  Japan 

10.15  B2.1.2  A  comparative  study  of  starting  materials  for  SOI  device  fabrication  299 
obtained  by  different  laser  recrystalfization  procedures  and  material  struc¬ 
tures 

D.J.  Wouters,  M.R.  Tack,  P.W.  Mertens,,  H.E.  Maes  and  C.L.  Claeys 
IMEC,  Leuven,  Belgium 


XVI 


10.30  B2.1.3  A  3D-SOI  intelligent  power  structures  303 

B.  Dunne,  C.G.  Cahill,  A.  Mathewson  and  W.A.  Lane 
University  College  Cork,  Ireland 
M.  Montier  and  D.  Chapuis 
Thompson  EFCIS,  France 

10.4S  B  2.1.4  Analysis  of  nonuniformly  doped  SOI  MOSFET’s  307 

P.  Paelinck,  O.  V ancauwenberghe  and  F.  Van  de  Wiele 
Univ.  Catholique  de  Louvain,  Louvain- La-Neuve,  Beglium 


SESSION  C2.1 :  GaAs  DEVICE  MODELLING 
Tuesday,  September  IS,  1987 

SALA  BIANCA  •  CHAIRMAN:  E.  MUNOZ  MERINO 

9.45  C2.1.1  Modelling  of  the  drain  lag  effect  in  GaAs  MESFETs  and  its  impact  313 
on  digital  ICs 

T.  Ducourant  and  M.  Rocchi 
LEP,  Limeil-Brevannes,  France 

10.00  C2.1.2  Modelling  a„<d  simulation  of  wave  propagation  effects  in  MESFET  317 
devices  based  on  physical  models 
G.  Ghione  and  C.U.  Naldi 

Politecnico  of  Torino,  Dept,  of  Electronics,  Torino,  Italy 

10.15  C2.1.3  Accurate  nonfinear  characterization  and  modelling  of  the  GaAs  FET  321 
Y.  Bonnaire  and  E.  Allamando 
Centre  Hyperfrequencies  et  Semiconducteurs 
Lille  Univ.,  Villeneuve  D’Ascq,  France 

10.30  C2.1.4  A  CAD  model  for  heterojunction  bipolar  transistors 
J.  Dangla,  M.  Laporte,  P.Y.  Merrer  and  E.  Caquot 
CNET,  Bagneux,  France 

(extended  abstract  not  available  at  the  time  of  printing) 

10.45  C2.1.S  A  three-dimensional  model  with  distributed  elements  for  GaAs  325 
MESFETs  and  similar  devices 
W.  Wiesbeck,  S.  Haffa  and  H.P.  Feldle 
Karlsruhe  Univ.,  Karlsruhe,  FRG 


SESSION  D2.1 :  GETTERING  I 
Tuesday,  September  15, 1987 

SALA  AZZURRA  -  CHAIRMAN:  W.  ORR  -  ARIENZO 

9.45  D2JJ  Iratrfcisic  gettering:  sense  or  nonsense?  331 

J.  Vanhellemont  and  C.  Qaeys 
IMEC,  Leuven,  Belgium 
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10.00  D2.1.2  Lifetime  engineering  by  oxygen  precipitation  in  silicon 
M.L.  Polignano  and  G.F.  Cetofolini 
SGS  Microelettronica,  Milan,  Italy 
H.  Bender  and  C.  Claeys 
IMEC,  Heverlee,  Belgium 
J.  Reffle 

Wacker  Chemitronic,  Burghausen,  FRG 

10.1 5  D2J.3  A  model  for  oxygen  phase  transition  kinetics  in  CZ -grown  silicon  339 
and  its  application  to  IC  processes 
M.  Pagani 

Dynamit  Nobel  Silicon,  Novara,  Italy 
W.  Huber 
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L.  Giraudet,  M.  Allovon,  J.  Ch.  Renaud  and  A.  Scavennec 
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SAlJi  BIANCA- CHAIRMAN:  J.  ROBERTSON 
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L.  Nguyen,  M.  Allovon,  P.  Blanconnier,  E.  Caquot  and  A.  Scavennec 
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GEC,  Wembley,  UK 

(extended  abstract  not  available  at  the  time  of  printing) 
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in  galfium  arsenide  FET  structures 
P.  Pillan  and  F.  Vidimari 
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K. E.  Schmegner 
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A.  Changenet 
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R.  Blondeau  and  M.  Krakowski 
Thomson  CSF,  Orsay,  France 
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F.  Fantini  and  M.  Vanzi 
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P4.1.10  Technological  critical  points  of  InGaAsP/InP  1.3  pm  lasers  as  1011 
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DREAM  OR  NIGHTMARE? 


P.A.H.  HART 
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5600  JA  Eindhoven,  The  Netherlands 


The  paper  presents  a  summary  of  advantages  of  mixed  blpolar-OCS 
processes  for  analog  and  digital  VLSI  and  sene  design  considerations. 


omcoucnoN 

In  recent  years  a  strong  interest  in 
BI(C)tOS  has  growi.  BI(C)H3S  is  a  technology 
combining  bipolar  and  (C)M06  on  a  single  chip. 
Because  it  now  is  possible  to  exploit  the 
strenghts  of  these  disciplines  in  a  single 
integrated  circuit,  it  is  in  a  way  a  dream 
come  true  for  electronics  designers.  In  the 
past,  however,  the  penalty,  that  is  a  more 
complex  process,  has  restricted  such  technolo¬ 
gies  to  rather  specialized  applications.  In 
modem  technologies  both  bipolar  and  MQ6  have 
grown  to  become  very  similar  and  both  have 
become  rather  complex.  Therefore,  now  that  it 
proves  possible  to  use  a  large  number  of  steps 
in  common  such  a  process  can  be  economically 
viable  and  need  no  longer  be  a  technologists 
nightmare.  In  fact,  estimates  are  in  the  order 
of  a  20%  increase  of  wafer  price  which  will  be 
offset  by  a  considerable  enhancement  of  per¬ 
formance,  increase  in  yield  and  occasionally  a 
35-45%  reduction  in  circuit  complexity  (1>  and 
a  decrease  of  chip  area  by  more  than  a  factor 
of  2,  cf  (2). 

In  this  paper  we  shall  present  a  summary  of 
aArantage*  of  aimed  processes,  a  survey  of  the 
general  status  and  consider  technologies  and 
device  structures.  However,  before  one  can 
start  doing  this,  one  has  to  define  what  will 
will  be  covered  by  the  name  BKOKX  as  many 


authors  use  the  name  for  different  kinds  of 
processes  and  devices  or  application  areas. 
BIMOS  or  BIDPET  appears  to  be  used  in  the 
early  days  in  the  context  of  mixed  processes 
such  as  used  for  circuits  like  operational 
amplifiers.  Later  on  it  was  used  in  the 
context  of  special  power  processes  and  smart 
power  devices.  In  this  paper  we  shall 
use  it  in  the  context  of  general  purpose 
processes  for  VISI  with  some  side  observations 
on  power.  An  important  aspect  here  is  to 
exploit  the  performance  advantages  of  bipolar 
and  OC6  and  at  the  same  time  use  the  higher 
yield  capability  of  MC6  to  reach  VLSI  levels 
more  easily. 

DEVICE  ASPECTS 

Table  I  lists  some  important  properties  of 
bipolar  and  GtCS  transistors  in  circuits 

Prom  table  I  it  can  be  deduced  that  generally 
for  devices  bipolar  is  in  an  advantageous 
position  for  analog  applications  because  of 
the  better  gain  and  low  wideband  noise.  OCS 
obviously  is  more  attractive  for  digital 
control  and  data  processing  functions  because 
of  its  low  quiescent  power,  good  speed  and 
generally  good  packing  density.  The  mixture 
of  bipolar  and  M0S  offers  unique  advantages, 
however,  in  both  the  analog  and  the  diaital 
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Table  I 


Strengths  of  Bipolar  and  CHOS. 


Bipolar 


large  transconductance 
linear  hpe 

exponential  characteristic 

low  voltage  offset 

low  supply  voltage 

low  1/f  noise 

low  wide-band  noise 

fast 

low  logic  swing 
good  capacitor  drive 

capability 

no  hot  electron  limit 

fields.  It  features  for  instance, 
high- impedance  zero  dc  gate  current  high  gain 
operational  opamps,  switch  capacitor  filters 
and  gyrators.  The  latter  using  MBS  for  large 
time  constants.  Furthermore,  precision  pairs 
in  mixed  M3  and  DA  systems  in  the  field  of 
analog  applications  are  possible.  In  digital 
applications  mixed  sense-amplifiers  (3)  and 
buffers  (4,5)  can  significantly  increase  the 
capability  of  CMOS  with  regard  to  Bpeed  and 
compactness.  Speed  improvements  up  to  a  factor 
of  two  with  respect  to  their  OC6  counterparts 
are  reported,  cf.  (4),  fig.  1. 

In  the  context  of  electronic  advantages  it 
should  be  noted  that  some  problems  can  also 
occur.  Because  bipolar  transistors  can  inject 
into  the  substrate  one  has  to  take  measures  to 
prevent  latch-up.  Furthermore  CMOS  logic 
generates  considerable  transient  noise  which 
must  be  prevented  from  entering  into  an 
adjacent  sensitive  analog  part.  Both  problems 
can  effectively  be  suppressed  by  proper 

Returning  briefly  to  table  I  then  one 
observes  that  in  the  absence  of  stored  charges 


(C)MOS 


high,  impedance 
zero >dc  gate  current 
near  quadratic 
zero  dc  dissipation 
low  narrow  band  noise 
high  slew  rate 
no  second  breakdown 
self  isolating 
no  avalanche  breakdown 
reduction 


Fig.  1.  Comparison  delay  time  of  BIOC6 

buffers  and  006  buffers  as  a  function 
of  load  capacitance  Cl. 
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MOS  offers  a  better  slew  rate.  This  is 
advantageous  in  operational  amplifiers. 
Moreover,  as  there  is  no  avalanche- induced 
breakdown  reduction  in  MOB  this  makes  the 
device  attractive  for  high-voltage 
application.  Such  a  fast  and  high  voltage 
amplifier  is  described  in  ref  (6). 

Particularly  if  one  uses  DM3S  this  leads  to 
mixed  processes  suitable  for  high  voltage 
(200V  and  above)  and  for  power  cf  (7). 

THE  PROCESS 

There  are  several  ways  to  arrive  at  a 
combined  process,  a  very  common  one  being  to 
start  from  a  CMOS  process.  One  could  of  course 
also  start  from  a  purely  bipolar  process  or 
even  from  scratch.  Here  we  shall  follow  the 
first  line  of  thought  we  start  from  N-well 
CMOS.  The  left  of  fig.  2a  depicts  a  cross 


a) 


N-MOS  P-MOS 

JL  J= 


Bipolar  NPN 
B  E  C 


UM 

n  well 


j 

Muni 

mm 

l£D  IQj 


p‘  substrate 


psubstrate 


Fig.  2.  BICMOS  development  from  N-well  CMOS. 


section  of  0106.  The  customary  source  and 
drain  diffusions  seen  are  typically  in  the 
order  of  a  few  tenths  of  a  micron  deep,  those 
of  the  N-well  in  the  order  of  two  or  three 
microns.  If  one  wants  to  incorporate  an  NPN 
bipolar  transistor  one  first  has  to  provide  an 
additional  P-diffusion  for  the  base  cf.  fig. 

2a.  This  transistor,  however,  exhibits  a  high 
collector  series  resistance.  Furthermore, 
because  of  the  overall  structure  being 
surrounded  by  lowly  doped  regions  it  will  be 
rather  prone  to  latch-up  .  Such  a  "simple" 
transistor  is  difficult  to  design  with.  A  much 
better  result  is  obtained  with  structures 
shown  in  fig.  2b.  Here  with  respect  to  that  of 
fig.  2a  an  N+  buried  layer  touching  the  N-well 
and  an  epitaxial  P-layer  is  used.  This  adds 
two  masking  steps  on  top  of  the  CMOS  process 
having  typically  around  10-12  masking  steps 
for  a  modem  (single  metal)  process.  In 
principle  in  this  process  the  NPN  transistor, 
being  surrounded  by  P  material,  is  isolated. 
Latch-up  via  the  bottom  of  the  NPN  is  largely 
prevented  by  the  N+  buried  layer,  which  is 
also  underneath  the  PMOS.  Undesirable  lateral 
action  is  still  possible  however,  particularly 
as  the  P  epilayer  will  be  rather  high-ohmic. 
This  can,  at  the  cost  of  extra  steps,  of 
course  be  prevented  by  a  normal  deep  P+ 
diffusion,  deep  oxide  isolation  or  trenches.  A 
very  simple  solution,  however,  is  shown  in 
fig.  2c.  It  is  possible  by  self  alignment, 
i.e.  no  extra  masking,  to  have  a  F*  buried 
layer  adjacent  to  the  N+  layer  and  to  use  the 
P+  diffusion  of  the  QCS  process  on  top  to 
supress  possible  channels.  This  way  a  compact 
and  largely  latch-up  free  structure  is 
obtained.  In  fig.  3  a  profile  of  the  NPN 
transistor  (8)  and  in  fig.  4  a  cross  section 
is  shown  of  an  isolation  structure  as  is  used 
by  Philips  in  a  2  tin  lithography  BIC)M0S 
process  (2).  In  table  II  the  effect  of  a 
buried  layer  obtained  by  Siemens  (9)  but  in  a 
1.4  pm  process  regarding  collector  series 
resistance  and  a  substrate  paras  -  ic 
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Table  II 


Effect  of  the  buried  layer  (9) 


“Ho"  layer  "With*  layer 
fig.  2a  fig.  2b 


Rc  (A  ) 
pnp 


depth  (um) - 

impurity  profile  of  NFN ,  1.5  tan 
process.  Note  :  upwards  slope  in  the 
collector.  Typically  achieved  by  also 
using  phosphorus  in  the  N*  buried 
layer. 


4  um 


Emitter  size  4x30  pn. 


(latch-up)  pnp  are  presented  for  different 
structures.  Latch- 145  is  studied  by  many 
authors  cf  (11). 

The  BI(C)MQS  technology  is  being  developed 
at  many  places  and  significant  headway  has 
been  made.  An  overview  is  given  in  table  III. 
This  overview  does  not  claim  to  be  oonplete  it 
is  only  intended  to  present  a  trend,  namely 
that  most  manufacturers  use  structures  similar 
to  fig.  2b  or  fig.  2c,  sometimes  with  more 
refinements,  rather  than  the  simplest  but  more 
difficult  to  design  fig.  2a  option.  Many  use 
N-well  CMOS,  but  several  use  P-well  or  start 
from  bipolar  rather  than  from  CMOS.  Standard 
"VLSI*  BKOM0S  needs  14-16  masks,  options  may 
increase  this  to  20. 


Pig.  4.  Isolation  structure,  hatched  areas  are 
depletion  layers  at  18V.  Without  the 
p*  buried  layer  the  lateral  distance 
should  be  9.5  pm  instead  of  4.5  pm. 
Similarly  omission  of  the  p+ 
channel step  diffusion  requires  the 
distance  to  be  at  least  6.5  m*>  Epi 
width 4  M». 


Table  III 


BICMOS 


Company 

Digital 

*) 

Litho 

ft 

Remarks 

Type 

(pm) 

N* 

NPN 

Reference 

Analog 

Masks 

(GHz) 

DEC  5 

+ 

- 

2 

1.5 

— 

12 

Honeywell  5 

+ 

+ 

1 

3,  1.25 

14 

BICMOS  II,  III 

Hughes  5 

+ 

+ 

3 

1.5 

20 

5 

pnp  2.5  GHz 

Motorola  5 

+ 

+ 

3 

1.75 

15 

Dyn  PLA's 

National  5,10 

+ 

+ 

2 

2,3 

1.9 

W  fuses 

Texas  Instr.  18 

- 

+ 

3 

12 

BIDFET,  DMOS  280V 

RCA  15 

+ 

+ 

1 

- 

3 

0.7 

QMOS,  Power  60V 

Philips  7 

- 

+ 

3 

6 

12 

DMOS  200V 

Philips  2 

- 

4- 

3 

2 

14 

3.5 

12 

+ 

+ 

3 

1.5 

16 

5 

Siemens  12 

+ 

- 

2 

1.4 

14 

2.6 

Telef unken  5 

+ 

+ 

3 

2 

14 

1 

pnp 

+ 

+ 

3 

1 

16 

2 

pnp 

Thomson  1 6 

+ 

+ 

3 

4 

13 

0.4 

120V  HV  MOS 

SGS-ATES  5,4 

4* 

3 

13 

1 

DMOS  HV  60V 

Hitachi  5 

+ 

♦ 

3 

3 

3 

ABC,  pnp  +  i2l 

"  5,4 

+ 

4- 

3 

2 

4 

Hi-BICMOS 

-  5,13 

+ 

4- 

3 

1.3 

9 

poly  Si  emitter 

0.4  nS/gate 

•  5 

- 

+ 

3 

5 

0.4 

20V 

NEC  5 

4- 

3 

1.6 

6 

poly  Si  emitter 

RICOH  5 

+ 

+ 

1 

10 

40V  PMOS  +  60V  NPN 

metal  gate. 

Toshiba  3,14 

+ 

1,2 

1.2,1 

MoSi  gate,  option 
N+  buried  layer 

*)  Type  t.  No  epi. 

2.  Epi  +  buried  layer. 

3.  More  sophisticated. 


-iiso 

pop 


PERFORMANCE 

Me  shall  now  return  to  device  properties 
OTd  their  influence  on  circuit  performance.  If 
one  follow  the  approach  as  sketched  above 
then  one  starts  from  a  standard  N-well  QOS 
process,  this  offers  many  advantages,  as 
usually  there  is  not  only  the  process  itself 
available,  but  also  the  associated  culture  of 
005  CAD  and  electronic  design.  However,  such 
an  approach  harbours  a  constraint  in  terms  of 
available  diffusions  and  last  but  not  least  in 
dope  and  depth  of  the  N-well.  A  typical 
profile  of  a  NPN  is  shown  in  fig.  3.  Apart 
from  the  diffusions,  the  properties  of  the 
bipolar  transistor  are  determined  by  the  width 
and  dope  of  the  epi layer.  In  very  high 
performance  bipolar  the  epilayer  is  chosen  as 
thin  as  possible,  say  1  pm  or  even  less.  This 
is  thinner  than  the  usual  N-well  by  a  factor 
of  two.  If  one  brings  the  N+  layer  which  forms 

the  bottom  of  the  N-well  to  close  to  the 
source  and  drain  areas  then  this  degrades  the 
transistor  by  increasing  capacitance  and  the 
body  effects,  fig.  5.  To  avoid  this  a 
sufficiently  wide  epilayer  is  needed.  This  has 
important  consequences  for  the  bipolar  part; 
maximum  f?  will  be  lower  than  in  a 
high-speed  "bipolar  only"  process.  At  the  same 
time  however,  a  better  Early  effect  and  better 
lateral  pnp's  are  possible.  These  are 
essential  features  for  analog.  In  fig.  6  such 
a  trade  off  as  obtained  by  Rausch  et  al  (2)  is 
illustrated. 


Fig.  S.  Body  effect  of  pMOS  and  nMOS  measured 
as  a  function  of  spiwidth. 


Fig.  6.  Measured  dependence  of  bipolar  device 
parameters  as  a  function  of  epi  width. 

FURTHER  DEVELOPMENTS 

We  shall  now  try  to  broaden  the  picture  to 
include  further  developments.  A  very 
conspicuous  element  is  of  oourse  lithographic 
shrink  which  in  the  future  will  continue  down 
to  0.5  ;an  and  even  less.  Such  a  shrink  has 
several  consequences  in  a  mixed  process. 
Starting  again  from  a  given  MOS  process  shrink 
means  a  reduction  of  supply  voltage,  although 
this  can  be  somewhat  postponed  by  the  use  of 
graded  drains  or  use  of  IDD  structures. 

Another  strong  effect  is  the  increase  of  dope 
in  the  substrate  or  in  the  pocket  to  prevent 
punch- through. 

A  reduction  of  supply  voltage  will  affect 
the  systems  in  which  the  circuit  is  to  be  used 
in  much  the  same  way  as  is  the  case  for  plain 
006.  With  regard  to  a  possible  analog  part 
this  means  a  reduction  of  dynamic  range  which 
occasionally  might  be  unacceptable.  Assuming 
for  the  present  that  the  supply  voltage  is 
acceptable  one  still  has  to  discuss  the 
consequences  of  the  dope  level  increase.  For 
the  NPN  transistor  as  well  a  for  NOS  the 
capacitances  per  area  will  increase  as  the 
depletion  regions  are  depressed.  At  the  same 
time  it  becomes  possible  to  decrease  the 
epilayer  width  with  no  additional  sacrifice  in 
body  factor.  A  higher  value  of  fy  is  thereby 
achieved.  This  trend  can  be  seen  in  table  IV. 

Such  an  NPN  transistor  is  not  always 
suitable  for  high-quality  analog  as  the 
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Table  IV 


Effect  of  lithographic  scaling  and  N-well 


Litho 

2  MB 

1.5  pa 

1.5  m 
lowly  doped 

N-well 

epi  width 

5 

2 

2 

K„  (V  V2) 

0.75 

0.5 

- 

Kp  <v1/2) 

0.5 

0.65 

- 

®cCcsub  (PS) 

\ 

49 

164 

%CcB  (P6) 

73 

37 

14 

Pr  (GHz) 

3 

6 

4 

Hfe.Vea  (V) 

10000 

2400 

9000 

product  of  brevet  tends  to  be  too  low.  The 
remedy  is  to  use  two  different  N-wells.  The 
NFN  transistor  sits  in  a  more  lightly  doped 
N-well.  In  the  third  column  of  table  IV  the 
relevant  quantities  are  shown.  In  addition  to 
a  considerable  improvement  (with  respect  of 
the  second  column),  in  Early  effect,  also  the 
%Pcb  product  is  improved  at  the  cost  of 
fT.  This  makes  the  transistor  much  more 
suitable  for  analog. 

For  digital  the  picture  is  different 
hFEVEA  d°es  not  play  a  very  significant 
role  and  the  single  N-well  concept  is 
therefore  suitable  for  digital.  Even  more  so 
because  of  the  higher  dope  levels  the  £? 
value  of  the  transistor  tends  to  increase. 
This  will  help  to  move  the  crossover  point  in 
fig.  1  to  the  left  and  the  speed  of  the 
circuit  will  aome  closer  to  the  intrinsic 
speed  of  the  "nearly*  unloaded  Nos. 

It  should  be  remarked  that  apart  from  the 
lithographic  shrink  there  will  be  several 
other  Improvements.  One  of  these  is  quite 
likely  the  use  of  poly  silicon  in  the  bipolar 
part  cf.  Table  III.  Another  could  be  the 
introduction  of  new  isolation  schemes  and 
silicidss. 


CONCLUSION 

In  this  paper  we  have  discussed  the 
combination  of  bipolar  and  NOB.  This 
combination  has  great  advantages  for  digital 
and  also  allouB  development  of  high-quality 
analog.  The  developments  are  economically 
viable  and  therefore  sore  of  a  pleasant  dream 
come  true  than  a  nightmare. 

It  should  finally  be  remarked  that  some  of 
the  results  quoted  are  obtained  in  a 
Philips-Siemens  ESPRIT  project. 


REFERBJCES 

1.  I.  Fukushima,  K.  Kuwahara,  K.  Hoya,  N. 
Hone,  K.  Itoigawa,  S.  Ichimura,  M. 

Nagata.  A  BIM06  FET  Processor  for  VCR 
audio,  IEEE,  IESOC  1983,  p.  242,  243. 

2.  F.  Rausch,  H.  Lindeman,  W.J.M.J.  Joaquin, 
D.  de  Lang  and  P.J.H.  Jochems.  An  Analog 
Bimoe  technology.  Extended  abstracts  of 
the  IBth  Conference  on  Solid  State  Devices 
and  Materials  Tokyo  1986,  pp.  65-68. 

3.  J.  Miyamoto,  S.  Saitoh,  H.  Momose,  H. 
Shibata,  K.  Kanzaki,  T.  Iizuka,  A  28  nS 
QOS  SRAM  with  bipolar  sense  amplifiers 
IEEE,  ISSCC  84,  p.  224-225  and  344. 

4.  T.  Hotta,  I.  Masuda,  H.  Maejima,  A.  Hotta, 
CMOS/Bipolar  circuits  for  60  mz  digital 
processing,  IEEE,  ISSCC  1986,  p.  190-191. 

5.  B.C.  Cole,  Mixed-process  chips  are  about 
to  hit  the  big  time.  Electronics,  March  3, 
1986,  p.  27-31. 

6.  P.G.  Blanken  and  P.  van  der  Zee 
IEEE  Trans  CB-31,  1985,  p.  109 

7.  A.H.  Ludikhuize,  A  versatile  250 /300V 
process  for  analog  and 

switching  applications.  IEEE  Trans  H>, 

Vol.  33,  1986,  p.  2008-2015. 

8.  D.  de  Lang  and  W.J.M.J.  Joaquin, 
Optimization  of  a  1.5  pm  BICMOS  process. 
BICMOS  Sympoeion,  Electrochem  Soc. 
Philadelphia,  1987. 

9.  J.  Wirmerl  and  E.P.  Jacobs,  Essderc  1985 
and  private  oamounication  BICMOS  ESPRIT 
project. 


10.  R.J.  Murphy,  T.  McParlane,  C.  Spotrck,  K. 
Rapp,  R.  Snolen,  w.  oollins,  R.  Rous,  M. 
Nillholan,  J.  Raadriic.  A  bipolar-CMQS 
field  progra— able  Array,  IEEE,  ISSCC 
1966,  p.  70-71. 

11.  J.A.  Seitchik,  A.  Chatter jee  and  P.  Yang. 
An  analytical  Model  for  latch-up  in 
epitaxial  CMOS.  IEEE  H>  letters  vol  EDL 
no.  4  April  1987,  157-159.  (holding 
voltage  PIN). 

12.  Part  of  a  Philips-Siemens  Esprit  project. 

13.  A.  Watanabe,  T.  Iteda,  T.  Nagano,  N. 

Moena,  Y.  Nishio,  N.  Tanba,  N.  Odaka  and 

K.  Ogine. 

High  speed  BICMOS  VLSI  technology  with 
buried  twin  well  structure.  IEEE,  not 
1985  Washington  DC,  p.  423-426. 

14.  J.  Miyamoto,  S.  Sautoh,  H.  Msaose,  H. 
Shibata,  K.  Kanzaki  and  S.  Kohyama. 

A  1.0  pm  N-well  CMOS/Bipolar  technology 
for  VLSI  circuits,  IEEE,  IEDM  1983 
Washington,  p.  63-66. 

15.  G.M.  Dolny,  O.H.  Schade,  B.  Goldsmith  and 

L. A.  Goodman, 

Enhanced  CMOS  for  analog-digital  power  IC 
applications  IEEE,  Trans-ED,  Vol  33,  1986, 
p.  1985-1991. 

16.  G.  Thomas,  G.  Trousset  and  P.  Vialettes, 
High  voltage  technology  offers  new 
solutions  for  interface  integrated 
circuits.  IEEE  Trane-ED,  Vol  33,  1986,  p. 
2016-2024. 

17.  A.  Andreini,  C.  Contier©  and  P.  Gabiati,  A 
New  integrated  silicon  gate  technology 
combining  bipolar  linear,  CMOS  logic  and 
DM36  power  parts.  IEEE  Trans  ED,  Vol  33, 
1986,  p.  2025-2030. 

18.  BUPET,  aarriage  of  three  technologies. 
Electronics  July  7,  1983,  p.  107. 


IP.2.  -  INVITED  PAPER 


NEW  DEVELOPMENTS  IN  SOLID-STATE  DETECTORS 


Eailio  GATTI,  Antonio  LONGONI  and  Marco  SAMPIETRO 


Politecnico  dl  Milano,  Dipart laento  di  Elettronica  and 

Cantro  di  Elattronica  Qnantlatica  a  Struaentazione  Elettronica  CNR 

Piazza  Leonardo  da  Vinci  32,  Milano  20133,  Italy 


The  interest  in  seniconductor  radiation  detectors  for  energy  and  position 
measurements  is  rapidly  increaaing  in  the  fields  of  high  energy  physics, 
astronomy,  space  applications  and  aedicine.  After  a  brief  review  of  the 
field,  the  recent  developeaents  are  here  presented. 


1.  INTRODUCTION 

Among  the  detectors  which  have  been  used  in 
the  field  of  nuclear  and  eleaentary  particles 
physics,  seaiconductors  detectors,  geraaniua  or 
silicon,  played  an  iaportant  role  starting  froa 
19Sl,wben  Kenneth  McKay  of  the  Ball  Telephone 
laboratories  showed  the  first  alpha  particles 
pulses[l].  These  pulses  were  due  to  electrons 
and  holes  generated  in  the  depletion  region  of 
a  reverse  biased  geraaniua  p-n  junction,  sepa¬ 
rated  by  the  depleting  field  and  collected  at 
the  junction  contacts. 

This  principle  has  been  used  in  every  seaicon- 
ductor  detector  since  then.  In  fact,  except  for 
soae  recent  developeaents  described  later  in 
this  paper,  aeaiconductor  detectors  are  essen¬ 
tially  silicon  or  geraaniua  p-n  or  p-i-n  dio¬ 
des,  reverse  biaaed,  generally  fully  depleted, 
of  different  shapes  and  diaensions. 

The  fortune  of  seaicooductor  detectors  is 
their  intrinsic  energy  resolution  due  to  the 
aaoant  of  charge  released  by  i aping inf  parti¬ 
cles.  For  coaparison,  an  ionising  particle  in  a 
plastic  scintillator  aost  spend  300  eV  per  pho- 
toelectroa  ealtted  at  the  cathode  of  an  elec¬ 
tron  aultipller;  a  gas  detector  needs  30  eV 
spent  to  generate  an  electron- ion  pair .while  in 
seaiconductors  an  electron-hole  pair  is  genera¬ 
ted  with  only  2.90  eV  la  geraaniua  at  77  K  and 
S.t  eV  in  silicon  at  rooa  tenperature. 


Further,  for  a  ainiau a  ionizing  particle,  due 
to  the  short  range  of  electrons  and  photons  in 
silicon, electrons  and  holes  are  generated  with¬ 
in  a  coluan  of  diaaeter  less  than  1  aicroaeter 
along  the  trajectory  with  a  linear  density  of 
S3  couplea/aicroaeter . 

Ge  detectors  are  particularly  suitable  for  X 
and  y  spectroscopy  because  of  the  higher  atonic 
nuaber  (Z»32)  with  respect  to  Si  (Z» 14)  which 
leads  to  an  efficiency  for  the  photoelectric 
effect  higher  hy  a  factor  of  (32/14)4*27.3  . 
However, the  higher  leakage  current  of  Ge  detec¬ 
tors  with  respect  to  silicon, due  to  the  lower 
energy  gap,  requires  operation  at  liquid  nitro¬ 
gen  teaperature. 

Silicon, when  possible,  is  used  because  of 
the  higly  deve lopped  planar  technology  which 
has  no  parallel  for  geraaniua.  Seniconductor 
detector  technology  aakes  generally  use  of  low 
doped  aaterials  (10H-10l3  cn-3)  in  order  to 
get  large  depletion  layers  (lO^a-Sca)  with  low 
voltages , leading  to  fields  below  the  breakdown 
threshold.  Further  requireaent  is  to  obtain  in 
the  final  device, after  all  technological  steps, 
a  long  lifetiae  for  minority  carriers  (several 
na)  which  ensures  low  leakage  current  at  the 
collector, and  a  low  concentration  of  deep  trap¬ 
ping  centers  which  could  trap  a  fraction  of  the 
carriers  travelling  to  the  collector  and  relea¬ 
se  them  with  a  sensible  delay. 
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Rw  dmlopuuti  In  semiconductor  detectors 
have  been  recently  stimulated  by  the  following 
two  re  quire  sent  from  the  high  energy  physics 

(a)  the  need  of  an  higher  signal  to  noise  ra¬ 
tio, in  order  to  improve  energy  and  timing  reso¬ 
lution,  with  large  area  detectors  and  in  condi¬ 
tions  of  high  rates  of  events  to  be  detected 

(b)  the  need  to  get  from  a  detector  on  a  single 
wafer  high  precision  measurements  of  the  posi¬ 
tion  of  incidence  of  the  ionising  particles. 

The  energy  resolution  is  usually  expressed 
in  'equivalent  noise  charge*  (BNC),  that  is  the 
charge  which,  delivered  as  a  delta  pulse  by  the 
detector,  cause  at  the  output  of  the  amplifying 
circuits  connected  to  the  detector (preamplifier 
plus  filtering  amplifier)  a  pulse  equal  to  the 
RMS  noise. 

The  detector  parameters  which  determine  ENC  are 
the  leakage  current  at  the  anode  Il.as  source 
of  the  parallel  noise  current,  and  the  anode 
capacitance  Cd-  The  parameter  of  the  electronic 
circuit  which  determine  ENC  are  the  series 
noise  of  the  input  FET  of  the  preamplifier,  its 
input  capacitance  Ci  and  its  badwidth  ft. 

It  can  be  shown  that,  for  every  detector  and 
preamplifier  configuration,  it  is  possible  to 
find  a  linear  filter  which  minimise  the  ENC 
(optimum  resolution  ENCopt)[ 2, 3]  .  The  optimum 
resolution  can  be  expressed  as: 

(1)  KNCopt  * 

(ilCd/ft) 1 /*•  ((Cd/Ci)  l/2+(Ci/Cd)  1/2)  1/2 

The  ENCopt  is  obtained  with  an  optimum  filter¬ 
ing  which  produces  a  pulse, at  the  output  of  the 
preamplifier-filtering  amplifier  chain,  having 
a  tins  length  Topt  : 

(2)  T^t  ♦ 

<Cd/(*tIl»l/2.  ((Cd/Ci)  l/2+(Ci/Cd)  1/2) 

From  (1)  and  (2)  it  is  clear  that  both  ENCopt 
and  Topt  v*  minimised  wham  input  capacitance 
ia  matched  to  detector  c epee i t ante ,  i.e.  Cd-Ci . 

As  the  input  capacitance  of  a  FIT  is  of  the 
order  of  loss  than  a  pF,  while  the  capacitance 


of  a  conventional  p-n  detector  ia  generally 
greater  than  tens  of  pF  (for  instance  the  capa¬ 
citance  of  1  cm2  silicon  detector  500  ,um  thick 
completely  depleted  is  of  the  order  of  SOpF)  it 
ia  evident  from  (1)  and  (2)  that  is  useful  an 
effort  in  the  direction  of  the  reduction  of  the 
detector  capacitance  (without  sacrifying  active 
volume  of  the  detector)  in  order  to  get  a  small 
ENC  and  a  small  resolving  tine  (which  is  useful 
when  high  rates  of  events  have  to  be  processed). 

The  basic  idea,  in  order  to  aeheive  such  a 
result,  is  to  conceive  a  detector  having  a  col¬ 
lecting  electrode  whose  dimensions  are  indepen¬ 
dent  and  much  smaller  than  the  active  area  of 
the  detector.  In  this  case  the  output  capaci¬ 
tance  of  the  detector  is  much  smaller  than  that 
of  a  conventional  p-n  detector  of  equivalent 
active  area,  in  which  the  dimensions  of  the 
collecting  electrode  are  practically  coincident 
with  the  active  area. 

It  is  possible  to  get  such  result  by  conceiving 
a  device  in  which  the  sot  ion  of  the  charges  to¬ 
ward  the  collecting  electrode  is  practically 
unaffected  by  its  geometry  and  voltage.  The 
carriers  are  brougth  to  this  electrode  by  elec¬ 
trical  fields  (static  or  dynamic),  parallel  to 
the  surface  of  the  detector  and  independently 
superimposed  to  the  depleting  field.  Further¬ 
more, the  knowledge  of  the  notion  of  carriers 
toward  the  collecting  electrode,  can  give  an 
information  about  the  position  of  interaction 
of  the  ionising  particle. 

Proceeding  in  this  way, it  is  possible  to  design 
detectors  whose  output  capacitance  is  compara¬ 
ble  or  even  lesser  than  that  of  a  good  input 
FET  of  the  preamplifier  (detector  have  been 

built  with  output  capacitance  less  than  lOOfF) . 
In  this  conditions  the  limiting  factor  to  a 
further  improvement  of  resolution  and  resolving 
tine  are  the  stray  capacitances  of  the  connec¬ 
tions  between  detector  and  preamplifier.  It  be¬ 
comes  therefore  imperative  the  integration  of 
the  preamplifier  itself  directely  on  the  detec¬ 
tor. 

Two  different  kind  of  devices  are  based  on 


tfe«M  principles.  One  is  tbs  Semiconductor 
Drift  Chamber  (SSC) ,  a  completely  new  device  in 
which  tke  electrons  are  drifted  to  the  anode  by 
static  fields.  The  other  is  the  Charge  Coupled 
Device  (CCD),  already  in  use  for  detection  in 
the  visible  region,  recent ely  applied  in  high 
energy  phisics  as  position  sensitive  detector. 

2.  SILICON  AND  GERMANIUM  TELESCOPES 

Figure  1  shoes  a  typical  silicon  detector 
implemented  as  a  simple  p-n  junction  with  in- 

planted  p+  and  n+  contacts  on  an  n-type  bulk. 
Electrons  and  holes,  generated  by  the  incident 
particle,  drifting  in  the  depletion  field  indu¬ 
ce  at  the  electrodes  a  current  pulse.  The  char¬ 
ge  preaaplifier  integrates  the  current  and  gi¬ 
ves  at  the  output  a  voltage  proportional  to  the 
total  charge  collected.  Collection  tines  are 
typically  of  the  order  of  10  ns. 

Figure  2  shows  an  elaborate  experiment  done 
at  CERN  with  several  detectors  of  this  kind, 
mounted  one  behind  the  other,  forming  a  so  cal¬ 
led  'telescope*,  preceded  by  *  particular  ger¬ 
manium  detector[5] .  Each  silicon  detector  of 
the  ’telescope’  detects  the  charges  generated 
by  the  particles  traversing  it.  The  histogran 
of  these  charges  (  Figure  2b)  allows  to  deter¬ 
mine  the  molteplicity  of  the  interactions  and 
where  they  occurred.  It  is  interesting  to  re¬ 
mark  the  doable  function  of  the  silicon  as  a 
nuclear  target  and  as  a  detector,  so  that  these 
detectors  are  called  ’active  targets'. 

The  germanium  bulk  detector,  like  the  sili- 

-Vcc 
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Schematic  representation  of  a  typical  p-n  June 
tion  silicon  detector. 
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Strip  or  detector  number 
FIGURE  2 

a)  A  set  of  p-n  junction  silicon  detectors  pre¬ 
ceded  by  a  Ge  bulk  detector  where  a  D^-D*  event 
occurs,  and  b)  corresponding  pulse  height  pat¬ 
tern  at  the  detector's  outputs. 

con  telescope,  is  an  active  target.  The  device 
can  be  thought  of  as  a  sequence  of  equal  detec¬ 
tors  with  no  physical  separation  in  between. 
The  beam  incident  is  parallel  to  the  strip  pla¬ 
ne.  Therefore  the  transversal  dimension  must  be 
large  enough  to  cover  the  bean  section.  The  de¬ 
tector  thickness  is  .5  cm,  its  width  .5  cm  and 
its  length  2  cm.  The  device  can  be  called  a 
’projection  chamber*. 

In  the  sketch  of  Figure  3,  an  high  energy  pho¬ 
ton  enters  the  bulk  detector,  a  photoproduction 


P* 
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occurs  with  nucleous  recoil  and  creation  of  ni- 
niaua  Ionia ing  particlea.Tbe  ionisation  density 
produced  in  the  detector  is  sensed,  as  a  func¬ 
tion  of  the  position  along  the  axis,  by  the  p+ 
strips.  The  germaaiun  bulk,  detector  ,  working 
at  90  K,  has  the  advantage  over  the  silicon 
telescope  of  a  higher  spatial  resolution  along 
the  bean,  SO-lOtya  vs  200pa. 

Such  a  gain  results  frou  (a) a  factor-two-higher 
specific  energy  loss  in  Ge  than  in  Si,  (b)  the 
absence  of  sir  gaps  between  detection  cells, (c) 
a  better  ENC  resulting  froa  the  lower  capaci¬ 
tance  of  the  pick-up  electrodes  as  strips  in¬ 
stead  of  planes  as  in  conventional  detectors. 

Che  device  of  Figure  3  is  obtained  froa  high 
purity  n-type  gerasniua.  As  the  classical 
silicon  planar  technology  can  not  be  used  with 
geraaniua,  the  definition  of  the  pattern  of  the 
p+  strips  is  obtained  by  selectively  etching  a 
continous  boron  iaplant  using  a  Ti-Au  filn  as 
aasking  aaterial.  The  n*  back  contact  is  foraed 
by  lithiua  evaporation  and  diffusion[6,7]  . 

3.  SILICON  MICROSTHIP  DETECTOR 

The  first  seniconductor  device  developed  in 
order  to  get  high  spatial  resolution  is  the  si¬ 
licon  aicrostrip  detector.  Figure  4  shows  a  ti- 
pycal  layout  of  a  detector  built  by  Kenner,  who 
pioneered  the  planar  technology  in  high  resis¬ 
tivity  silican[8]. 

The  aicrostrip  detector  is  essentially  an  array 
of  a  large  nunber  of  reverse  biased  p-n  diodes 
integrated  on  the  sane  high  resistivity  wafer. 
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Cross-section  of  a  aicrostrip  detector  with  ca- 
pacltative  charge  division. (Froa  Nucl.Instr. 
and  Hath.  A23S(19tS)p.21Q) 


The  thickness  of  the  wafer  ranges  usually  froa 
200  to  300pa  (the  detector  is  intended  for  a 
particle  incidence  which  is  alaost  orthogonal 
to  the  surface  of  the  wafer),  the  active  area 
is  of  the  order  of  10-20  ca2  and  the  pitch  of 
the  strips  can  be  aa  low  as  10-20^a.[9,10] . 

It  is  worthwhile  to  look  in  sons  details  to 
the  induced  current  pulses  at  the  strips. 

Let  us  consider  a  particular  strip  and  a  single 
electron-hole  pair  generated  at  point  A  near  to 
the  anode  in  front  of  the  strip  itself.  In  this 
particular  case,the  electron  is  iaaediately  re- 
noved  by  the  anode  and  doesn't  induce  any  cur¬ 
rent  on  the  considered  strip.  The  hole  travels 
in  the  depleted  bulk  until  falls  on  the  strip. 
The  current  induced  at  a  given  instant  during 
its  travel  can  be  obtained  knowing  the  velocity 
u«^E (t)  of  the  bole  and  a  so  called  weighting 
field  Ew  [11,12].  Ew  is  the  electrostatic  field 
calculated  giving  potential  1  at  the  considered 
strip,  0  at  all  the  renaining  electrodes  and 
considering  the  Si  undoped. 

Field  lines  of  Ew  are  shown  in  Figure  5  togeth¬ 
er  with  the  trajectory  of  the  hole  in  the  real 
field  [13]  . 

The  current  is  given  by 
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FIGURE  5 

a)  Scbeaatic  cross-section  of  a  aicrostrip  with 
the  weighting  field  lw  high lightened,  b)  Indu¬ 
ced  current  pulere  at  the  Sn  th  strip  for  an 
electron-hole  pair  generated  at  point  A  or  B. 
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(3)  I  —  q.u.«W 

It  is  apparent  that  u  is  always  opposite  to  E w 
for  all  tha  trajectory. 

The  current  shape  is  shown  in  the  figure  and 
the  total  charge  induced  is 

(4)  Jldt  «-qJu«Kw  dt  *-q  |  Ew * d  1 

-4(VW(Pin)-Vw(Sn» 

i.e. 


(5)  Jldt  *~q  (0-1)  -  q 

Let's  now  consider  an  hole  starting  at  point 

* 

B.  During  its  travel  along  the  drawn  trajecto¬ 
ry,  it  'sees*  first  a  weighting  field  with  con- 
ponent  along  the  trajectory  opposite  to  its  ve¬ 
locity  and  then  of  the  saae  sign  as  the  veloci¬ 
ty  until  it  is  collected  by  a  side  strip.  The 
current  shape  given  hy  (3)  is  also  sketched  in 
the  figure  and  equation  (4)  gives 

(6)  Jldt  *-q(0-0)  -  0 

What  has  been  shown  for  a  hole  starting  at  A 
or  B  can  be  eaaily  generalized  to  an  hole-elec¬ 
tron  pair  generated  at  any  point. 

Generally  speaking, charges  noving  in  the  deple¬ 
ted  bulk  induce  current  pulses  in  several 
strips, but  only  the  strips  collecting  the  char¬ 
ges  give  a  signal  with  area  different  fro*  ze¬ 
ro,  equal  to  the  collected  charge.  Crosstalk 
between  strips  can  therefore  be  avoided  by 
auitable  treateeent  of  the  signal. 

The  large  nuaber  of  strips  and  their  saall 
pitch  would  lead,  in  large  area  detectors,  to 
fornidable  problena  of  fan-out,  cost  and  power 
dissipation  if  a  single  aaplifier  should  be 
connected  to  every  strip. 

Clever  nethods  of  readout  have  been  developed 
to  reduce  connections.  One  is  shown  as  an  ex¬ 
ample  in  Figure  4.A  charge  aaplifier  is  connec¬ 
ted  every  three  strips  and,  exploiting  the 
interstrip  capacitances,  a  weighted  charge  di¬ 
vision  of  the  charge  collected  by  the  strips 
ocean  between  the  interested  charge  preaapli- 


FIGURE  6 

Picture  of  a  silicon  aicrostrip  detector,  glued 
on  a  ceraaic  not her board,  with  kapton  foils 
connecting  the  signal  strips  to  the  hybrid 
preaaplifiers. (Froa  Nucl.Instr.  and  Neth.  226 
(1984)  p.64) 

fiers.  Figure  6  shows  a  recent  aicrostrip 
systea  with  its  fan-out  and  hybrid  preaaplifi¬ 
ers  [14]. 

For  ainiaua  ionizing  particles  generating 
25000  electron-hole  pairs  within  the  detector, a 
resolut ion  of  3/*a  SMS  has  been  achieved,  with  a 
detector  having  20/ua  pitch  and  one  aaplifier 
per  strip.  With  the  aethod  of  charge  division 
the  spatial  resolution  has  worsened  froa  4.5/a, 
connecting  one  preanplifier  every  3  strips,  to 
20pa  for  a  preanplifier  every  12  strips. 
Integrated  electronics  (not  on  the  sane  wafer 
of  the  aicrostrip  detector)  has  already  been 
designed  and  produced  in  NMOS  tecnology.  Single 
aaplifiers  are  provided  per  each  strip  having 
pitch  of  25 /urn.  A  spatial  resolution  better  than 
5/ua  SMS  have  been  denonst rated  [15,16], 

4.  CHARGE  COUPLED  DEVICES 

Charge  coupled  devices (CCD)  have  been  inven¬ 
ted  in  1970  at  Bell  Labs  [17] .  Coaaercially  pro¬ 
duced  twe  dine ns ional  CCDs, used  for  TV  caaeras, 
night  vision  systens,  visible  and  Xray  astrono¬ 
my  .have  been  considered  as  high  precision  de¬ 
tectors  for  ionising  particles  since  1981  by 
Daaaerell  [18). 

The  CCD  can  be  considered  a  fine  aatrix  of 
potential  wells  just  below  the  surface  of  the 
silicon,  typically  2 Qua  x  20/a  x  10  /urn  depth. 
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lack  om  can  itor*  the  ekirgt  delivered  by  an 
impinging  particle  and  the  image  of  kitted 
pointa  ia  atored  aa  charge  in  these  pin  la.  The 
CCD  ia  provided  by  a  anrface  structure  of  chan¬ 
nel  atop*  and  field  electrode  arrays  which  al¬ 
lows  electrons  from  each  pixel  to  be  transfer¬ 
red  from  pixel  to  pixel  and  deposited  in  turn 
onto  a  single  oat pat  collecting  node  to  which  a 
single  on- the- chip  preamplifier  ia  connected. 
The  general  layout  of  the  device  is  shown  in 
Figure  7  [19]  .  Buses  11,12  and  13  drive  the 
horizontal  field  electrodes  which  transport  the 
electrons  stored  in  the  pixel  lines  to  a  bottom 
linear  CCD  which  receives  in  turn  the  electrons 
stored  in  each  line.  This  latter  CCD,  driven  by 
buses  R1,K2  and  R3,  leads  the  electrons  of  each 
line  sequentially  to  the  output  node. 

As  far  as  the  interaction  of  the  inpinging 
particle  with  the  detector  is  concerned.  Figure 
7  shows  3  regions  of  interaction.  One,  just 
underneath  the  surface,  in  which  the  generated 
electrons  are  couplet ly  trapped  into  the  pixel 
potential  well.  A  second,  drawn  as  a  dotted  se¬ 
gment,  in  which  electrons,  generated  in  a  field 
free  region  of  high  lifetime  for  minority  car¬ 
riers,  diffuse  freely  and  part  of  then  eventua- 
ly  fall  in  a  potential  well  (not  necessarily 
the  nearest  one).  A  third,  corresponding  to  the 

p+  substrate,  where  all  electrons  recombine. 
The  effective  thickness  of  the  CCD  for  particle 
detection  turns  out  to  be  approximately  IS  pm. 

This  device  has  the  obvious  advantage  of  a 
single  output  channel,  payed  by  a  relatively 
long  reading  time  of  about  12as. 

Another  advantage  of  the  device  is  that,  once  a 
charge  is  stored  in  a  pixel,  it  can  no  more 
spread  out  \ty  diffusion  so  that  spatial  resolu¬ 
tion  it  is  not  impaired  by  delayed  readout. 

Due  to  the  small  depth  of  a  pixel,  a  small 
charge  is  deposited  by  a  minimum  ionizing  par¬ 
ticle  (a1250  electrons).  However,  working  at 
200  K  sad  exploiting  the  advantages  of  low  out¬ 
put  capacitance  and  capacitance  matching  with 
the  oo- chip  preamplifier,  the  very  low  BNC  of 
SO  electrons  has  bees  reached, leading  to  a  suf¬ 
ficient  resulting  signal-to- noise  ratio. 
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FIGURE  7 

General  view  of  a  CCD  detector  showing  the  or¬ 
thogonal  arrangement  of  gates  and  channel  stops 
defining  the  pixels.  (From  Hucl.Instr.  and 
Heth.  213(1983)  p.203) 

In  a  recent  experiment  a  clever  way  of  par¬ 
tly  overcome  the  long  readout  time  has  been  de¬ 
vised  [20,2l].  The  CCD  has  been  kept  continous- 
ly  running,  with  only  a  part  of  it  exposed  to 
the  beam,  the  rest  (the  so  called  parking  area) 
being  shielded  from  the  main  radiation. 
Therefore  the  particle  pattern  registered  at 
one  end  of  the  CCD  move  continously  towards  the 
opposite  end.  Once  a  trigger  signal  indicate 
the  presence  of  an  interesting  event,  the  clock 
which  provide  the  continous  shifting, is  stopped 
after  a  tine  which  allows  the  recorded  image  to 
exit  the  region  exposed  to  the  bean  and  be 
freezed  in  the  parking  area,  while  the  bean  is 
turned  off.  The  interesting  image  can  be  read 
at  the  most  convenient  rate  at  the  output  node 
not  exposed  to  radiation  of  any  kind. 

These  CCDs  are  powerful  devices  for  recos- 
t rue ting  vertices  in  elementary  particles  expe¬ 
riments.  One  example  of  reconst ract ion  of  charm 
decays  in  the  NA32  experiment  running  on  the 
CEBU  SPS  is  given  in  Figure  8[20]. 

Two  CCDs,  placed  at  a  distance  of  10mm  each 
other  and  10am  from  a  copper  target,  enable  the 
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accurate  recoat ruction  of  a  chara  event  by  the 
identification  of  two  vertices  vhith  an  high 
precision  of  the  inpact  parameter  .  The 
two  vertices  are  forned  by  tracks  3, 4, 6, 7, 8  and 
tracks  1,2,5  respectively.  Fron  the  extiaated 
distance  of  the  two  vertices  the  lifetiae  of 
the  short  living  particle  can  be  inferred. 

It  is  interesting  to  note  that  CCD  is  a 
pixel  device  Hhich  attributes  unaabigously  X,Y 
coordinates  to  each  hit.  On  the  contrary,  a  set 
of  aicrostrip  detectors  with  strips  of  diffe¬ 
rent  orientation  define  X,Y  coordinates  of  the 
hits  with  the  coordinates  of  hitted  strips. When 
detectors  are  hit  by  a  single  event,  coordinate 
attribution  is  unaabigous  also  in  this  case, but 


FIGOKB  8 

Reconstruction  of  a  chara  decay  in  the  NA32 
experiment  at  CBM  SPS.  a)  and  b)  correspond 
to  two  different  side  views  of  the  same  event, 
c)  is  the  projection  along  the  beam  direction. 
Primary  and  decay  verticea  show  up  unambigous- 
ly.  (From  Nucl.Iastr.  and  Math.  4233(1987) 
P.87*) 
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for  multiple  events  strips  coordinates  are  not 
unaabigously  attributed  to  hits(ghost  events). 

5.  SILICON  DRIFT  CHAMBER 

In  1983  E.Gatti  and  P.Rehak  introduced  the 
'Solid  State  Drift  Chamber*, a  completely  deple¬ 
ted  device  with  a  low  capacitance  collecting 
anode  [22] .  The  device  has  been  then  devc loped 
within  an  international  collaboration  involving 
Politecnico  di  Milano, Brookhaven  National  Lab., 
Technischen  Univarsitat  -  Munchen,  Max  Planck 
Institut  fur  Physik  und  Astrophysik  -  Munchen 
and  Lawrence  Berkeley  Lab [22-27]. 

The  working  principle  of  the  device  is  best 
understood  looking  at  the  test  structure  of  Fi¬ 
gure  9.  The  figure  shows  how  a  thin  n'silicon 
wafer  can  be  fully  depleted  by  *  peripheral  n+ 
anode  and  two  p+  electrodes  placed  on  each  sur¬ 
face  of  the  wafer  and  held  at  the  same  poten¬ 
tial  by  an  external  connection.  As  the  reverse 
bias  increases,  the  undepleted  conductive  layer 
in  the  middle  of  the  wafer  first  narrows,  then 
disappears  and  disconnects (froa  the  ohaic  point 
of  view)  the  n+  electrode  with  a  draaatic  drop 
of  its  capacitance  with  respect  to  the  p+  con¬ 
tacts,  as  shown  in  Figure  10  [26]  . 

A  scheaat ic  view  of  the  drift  chamber  is 

shown  in  Figure  11.  Two  arrays  of  p+  electro¬ 
des  on  both  surfaces  of  the  wafer,  biased  at 
increasing  potential  energy,  provide  the  drift 
field.  A  drawing  of  the  potential  energy  in  the 
drifting  region  is  given  in  Figure  12  (  for  a 
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FIGURE  9 

Silicon  device  to  test  the  nechanisn  of  comple¬ 
te  depletion. 

ANOOE-DIOOE  CAPACITANCE  (Built  in. 0.2  V) 


FIGURE  10 

Capacitance  between  the  two  p+  electrodes  con¬ 
nected  together  and  the  snail  n+  contact  of 
Figure  9  as  a  function  of  the  bias  voltage. 

voltage  difference  between  strips  of  15V  and 
for  a  10  Kftca  n-type  completely  depleted  sili¬ 
con).  The  electrons  generated  by  the  ionizing 
particle  are  focused  at  the  bo t ton  of  the  bur¬ 
ied  potential  channel  and  drift  towards  the 
collecting  anode,  while  holes, driven  by  the  de¬ 
pletion  field,  are  quickly  collected  by  the 
nearest  p+  electrodes.  Figure  13  shows  how,  by 
suitably  biasing  the  electrodes  at  either  side, 
it  is  possible  to  shift  the  bottom  of  the  po¬ 
tential  channel  toward  the  surface  where  the 
collecting  node  At  is  placed. 
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FIGURE  11 

Schematic  view  of  the  drift  chamber,  showing 
the  working  principle. 


FIGURE  12 

Potential  energy  for  the  electrons  (negative 
electric  potential)  in  the  drifting  region  of 
the  SDC. 
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FIGURE  13 

Potential  energy  for  the  electrons  within  the 
SDC  close  to  the  readout  anode  AR. 
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The  cloud  of  electrons  induce*  at  the  anode 
an  output  pulse  only  when  the  electrons  arrive 
close  to  it  because  of  the  electrostatic  shield 
of  the  p+  electrodes,  which  behave  as  a  Faraday 
cage.  The  drift  tine  of  electrons  nay  be  used 
to  neasure  one  of  the  interaction  coordinates 
while  the  collected  charge  allows  the  aeasure- 
nent  of  the  energy  released  by  the  incident 
ionising  particle. 

Figure  14  shows  how  the  pulses  appear  at  the 
anode  for  different  drift  distances  of  the 
electron  cloud  in  a  structure  like  the  one  of 
Figure  11  [25]  . 

Resolution  is  United  by  the  leakage  current 
of  the  detector,  series  noise  of  the  anplifier, 
Poisson  noise  due  to  the  spread  of  the  electron 
pulse  because  of  diffusion  [24] .  The  obtained 
resolution  at  roon  temperature  for  a  wide  range 
of  drift  fields  is  of  the  order  of  4  u n  RMS . 

The  drift  chanber  can  be  used,  as  the  CCD, 
as  a  two-dinensional  inaging  device  sinply  di¬ 
viding  the  strip  anode  in  pads.  A  lxl. 5cn?  nul- 
t i anode  SDC  has  been  experimented [27]  and  a  new 
large  area  (4x4  cm2)  is  under  developenent. 
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FIGURE  14 

Signal  pulses  at  the  anode  of  a  linear  SDC  for 
different  drift  distances  of  1,2.5,3.85  an  res¬ 
pectively.  Tine  scale  is  200  na/div. 


The  dinanica  of  electrons  in  drift  chambers 
has  been  studied  carefully  with  a  two-diaen- 
sional  chanber [28] .  Figure  15  shows  the  expec¬ 
ted  electron  distribution, for  different  tine  of 
flights, due  to  diffusion.  Coulomb  repulsion  and 
the  coabined  effects,  for  two  different  nuaber 
of  electrons  in  the  cloud.  Expected  RMS  width 
of  the  cloud  has  been  experiaentally  checked  by 
Manuring  how  the  charge  is  shared  aaong  the 
anodes.  The  results  are  reported  in  Figure  16. 
Froa  the  theory  and  the  neasurenents  it  is  ap¬ 
parent  the  importance  of  the  Coulomb  repulsion 
when  the  electron  cloud  is  larger  than  25000 
electrons,  which  is  just  the  charge  released  by 
a  nininua  ionizing  particle  traversing  a  deple¬ 
ted  region  of  300  /j*. 

Diffusion  does  not  pose  strong  limitations  to 
two-dinensional  SDCs  as  far  as  resolution  is 
concerned  and  nay  even  be  beneficial  along  the 
anode's  coordinate  because  allows  centroid  eva¬ 
luation  based  on  charge  shared  aaong  contigous 
anodes.  On  the  other  hand,  it  is  detriaental  as 
far  as  recognition  of  close  double-hits  is  con¬ 
cerned.  Typical  resolution  for  double  hit  is 
estiaated  in  300  /um.  However,  estimation  of  the 
presence  of  a  double  hit  can  be  assessed  with  a 
great  degree  of  confidence  froa  the  aeaaureaent 
of  the  released  charge. 

Sinilarly  to  CCD,  the  coordinates  of  the 
hits  are  determined  without  aabiguity  for  a 
two-dinensional  SDC  because  each  electron  cloud 
has  one  coordinate  attributed  according  to  the 
interested  anode  and  the  other  according  to  the 
tining  of  its  pulse. 

As  far  as  speed  of  readout  is  concerned,  SDC 
is  intermediate  between  completely  parallel 
readout  of  aicrostrip  detectors  and  completely 
serial  readout  of  CCDs.  Typical  readout  time 
for  SDC  is  1-2  ps  per  centiaeter  of  drift  dis¬ 
tance. 

Generally,  in  high  energy  physics  experi¬ 
ments,  start  tine  of  the  interesting  event  is 
available  froa  an  indi pendent  trigger  pulse  and 
so  tiaing  of  pulses  at  the  anode  is  sufficient 
for  drift  tine  aeasureaent.  However  in  Xray  or 
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FIGURE  IS 

Density  distribution  of  electrons  along  the  drift  direction  at  different 
tines.  Distributions  as  due  to  diffusion  only.  Mutual  repulsion  only  and 
the  combined  affects  are  plotted  for  two  different  nunbera  of  electrons  in 
the  cloud. 


y spectroscopy,  an  independent  tine  information 
is  not  available  froa  other  detectors.  A  prompt 
signal  from  the  interaction  can  be  obtained  in 
the  SDC  fron  all  the  field  electrodes  jf  one 
side  of  the  wafer,  paralleled  by  capacitors  and 
connected  to  a  charge  amplifier [27] .  As  the 
interaction  is  localised,  a  prompt  pulse  is 
induced  both  by  the  electrons  falling  into  the 
bottom  of  the  valley  and  by  the  boles  travsling 
toward  the  field  electrodes.  Figure  17  shows 
such  pulse  which  has  opposite  sign  depending  in 
which  half  of  tho  detector  the  Xray  has  been 
absorbed.  The  charge  amplifier  connected  to  the 
anode  la  insensitive  to  the  interaction  because 
the  movwnent  of  charges  is  shielded  by  the 
field  electrodes  until  electrons  leave  the 
drift  region  and  approach  the  anode.  At  this 
moment  a  delayed  pulse  is  detectsd  at  the  anode 
and  ooe  of  opposite  sign  et  the  paralleled 
field  electrodes. 

Surface  effects  must  be  carefully  considered 
in  designing  SDC. In  particular  it  has  been  ob¬ 


served  that  a  surface  hole  current  is  exchanged 
between  two  neighbour  p+  strips  of  the  depleted 
detector  when  s  potential  difference  is  applied 
between  then.  It  Is  neglegible  until  e  given 
threshold  voltage  le  reached,  then  it  rises 
very  sharply.  This  effect  can  be  explained  by 
considering  the  potential  energy  close  to  the 
surface  of  the  detector  under  the  oxide  between 
contiguous  slsctrodes ,as  shown  in  Figurs  12  end 
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Measured  normalised  charge  et  the  anodes  for 
different  N  and  e  drift  time  of  7.5  s. 


FIGURE  17 

Output  wave fora  of  ■  self-timing  circuit .  Cen¬ 
tral  trace:  anode  output.  Upper  (lower)  trace: 
photon  incident  on  the  top  (bottom)  side  of  the 
detector  (tine  scale  200  na/div) . 


13.  A  potential  barrier  close  to  the  surface 
Units  the  flow  of  holes  froa  the  electrode  at 
lower  potential  energy  toward  the  contiguous 
one  at  higher  energy.  As  the  voltage  difference 
between  the  two  strips  grows,  this  potential 
barrier  decreases  and  consequent ly  the  flow  of 
holes  increases  rapidly. The  hole  barrier  alnost 
disappears  at  the  nentioned  thereshold  voltage 
between  strips  and,  in  this  condition,  the  hole 
current  would  diverge  if  not  1 ini ted  by  the 
external  circuit. 

A  naxinun  potential  difference  can  be  there¬ 
fore  applied  between  neighbour  strips.  This 
naxinun  potential  difference  is  a  function  of 
the  distance  between  the  two  strips  and  depends 
on  the  properties  of  the  oxide  between  then.  In 
fact,  positive  oxide  charges  induce,  as  it  is 
well  known,  a  sheet  of  aobile  electrons  at  the 
seniconductor-oxide  interface  ,  which  in  turn 
influence  the  heigth  of  the  barrier  for  the 
holes  flow.  Environaent  and  biasing  conditions 
affect  this  electron  sheet,  and  in  turn  the 
stability  of  the  threshold  voltage  for  the  hole 
flow  (  in  Figures  12  and  13  this  effect  is  not 
taken  into  account  )  . 

As  a  consequence  of  these  phenonena,  there 
is  a  practical  Unit  to  the  drift  field  in  the 
SDC.  In  fact,  while  the  increase  of  the  gap 
between  strips  increases  the  potential  barrier 
to  the  flow  of  holes,  on  the  other  hand  it  also 


increases  the  electric  field  on  the  edge  of  the 
p+  strip  at  higher  potential  energy  (breakdown 
probleas)  and  increases  the  slope  perturbation 
at  the  botton  of  the  drift  channel.  Practical 
values  so  far  reached  are  of  the  order  of 
lOOOV/cn. 

It  is  iaportant  to  note  that  this  flow  of  holes 
does  not  affect  the  anode  leakage  current,  as 
shown  clearly  in  Figure  18. 

The  exchange  of  holes  between  p+  strips  can 
be  useful  to  self  bias  arrays  of  field  elec¬ 
trodes  in  SDC.  In  fact,  given  an  array  of  p+ 
strips  over  a  depleted  wafer,  if  a  current  is 
applied  between  the  first  and  the  last  strip,  a 
hole  current  flows  froa  the  first  contact  to 
the  last  one  passing  through  all  the  interme¬ 
diate  p+  floating  electrodes  and  the  resulting 
voltage  difference  is  nearly  equally  devided 
between  all  contiguous  strips.  This  effect  has 
been  called  'Chain  effect*  and  the  exchanged 
hole  current  'Chain  current*. 


FIGWE  18 

Anode  and  chain  current  for  a  linear  SDC  and  a 
cylindrical  SDC  vs  drift  field. 
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FIGURE  19 

Cylindrical  drift  dumber. 

A  drift  detector  intended  aainly  for  energy 
neaaurenenta  is  shorn  in  Figure  19  [27] .  The  p+ 
field  electrodes  are  concentric  rings  on  both 
faces  of  the  wafer  whith  a  snail  n+  collecting 
electrode  at  the  center  of  the  detector  on  the 
upper  face  only. The  drift  field  has  a  cylindri¬ 
cal  synaetry  and  the  electrons  drift  radially 
toward  the  collecting  electrode.  The  active 
area  of  the  detector  has  a  disaster  of  lea  and 
the  output  capacitance  is  only  0.06pF  due  to 
the  very  sasll  diaens ions  of  the  collecting 
electrode  (200/ua  of  disaster)  surrounded  by  a 
coapletely  depleted  silicon. The  leakage  current 
at  rooa  teaperature  was  about  3nA. 

The  p+  circular  electrodes  are  'self  biased* 
by  the  chain  effect.  A  voltage  difference  is 
applied  between  the  first  and  the  aore  external 
ring. The  injection  of  electrons  froa  the  exter¬ 
nal  undepleted  n  region  toward  the  central  ano¬ 
de  Is  avoided  by  biasing  the  undepleted  region 
at  a  potential  energy  lower  than  that  of  the 
last  external  f*  ring  which  defines  the  active 
voluaa  of  the  detector. 

Figure  20  shows  the  apectrua  of  the  241au 
aeaaured  at  rooa  teaperature  with  a  shaping 
pseudo-Genas iaa  and  a  peaking  tine  of  250ns [27]. 
Equivalent  noise  charge  was  only  110  electrons. 
Note  that  the  detector  capacitance  was  only  It 
of  the  total  input  capacitance.  Further  iapro- 


F I CURE  20 

2*lAa  apectrua  obtained  with  a  cylindrical 
drift  detector  at  roon  teaperature  (linear  sca¬ 
le).  The  highest  peak  is  the  L  at  17.0  KeV, 
while  the  right  one  is  the  line  at  59.54  KeV. 

venent  would  therefore  be  possible  by  integra¬ 
ting  the  input  transistor  on  the  detector. 
Measurement  performed  at  liquid  nitrogen  tempe¬ 
rature  showed  36  electrons  of  equivalent  noise 
charge. 

Low  output  capacitance  drift  detectors  with 
field  electrodes  implanted  only  on  one  side  of 
the  wafer  have  been  recently  produced  by  Kenner 

[29]. 
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Bipolar  transistors  can  ba  implemented  in  a  CKOS  technology  without 
excessive  expenae  uaing  the  n-channel  aource/drain  inplantation  siuul- 
taaeoualy  for  the  format ios  of  the  bipolar  emitter.  During  BOS  scaling 
the  change  of  the  drain  atructurea  from  pboaphorua  to  DID  and  U)D 
influences  the  individual  bipolar  device  parameters.  However  this  BICMOS 
concept  can  be  extended  to  sub-pa  CKOS  without  loosing  performance. 


1.  IimtODUCTION 

CMOS  performance  can  be  improved  consider¬ 
ably  by  utilising  the  higher  tranaconductance, 
the  threshold  stability  and  the  higher  speed 
ead  current  drive  capability  of  bipolar  tran¬ 
sistors  in  analog  and  digital  circuits.  These 
optional  bipolar  transistors  should  be  imple¬ 
mented  in  a  CMOS  technology  with  little  extra 
expense  and  without  affecting  the  HOS  device 
characteristics.  The  possibility  to  use  the  n- 
ehaamel  S/D  implantation  for  the  emitter  forma¬ 
tion  is  especially  investigated.  Scaling  CMOS 
implins  changes  of  the  n-channel  drains  from 
phosphorus  to  DID  (double  implanted  drain)  and 
LDD  (lightly  doped  drain)  to  alleviate  hot 
carrier  effects.  To  elearify  the  usefulness  of 
this  concept  for  scaled  BiCMOS  the  impact  of 
different  drain  structures  on  the  bipolar  per¬ 
formance  is  studied. 

3.  ntOCKSS  COMCBPT 

The  BICMOS  technology  presented  here  is 
based  on  an  n-vell  CMOS  technology  (fig.l). 
This  allows  to  realise  isolated  npn  bipolar 
transistors  with  the  n-wells  used  as  collec¬ 
tors.  The  emitters  are  simultaneously  implanted 
with  the  n-channel  source/drains  so  that  no 
additional  photolithography  or  other  process 
steps  arm  necessary  for  emitter  formation.  As 
n-chaamel  source/drain  configurations  phospho¬ 


rus  drains,  DID,  LDD  were  used  which  are 
typical  for  2pn,  1.5pm  and  1pm  CMOS,  respecti¬ 
vely. 

The  base  was  selectively  implanted  in  the 
bipolar  transistor.  This  step  requires  the  only 
absolutely  necessary  additional  photomask  to 
realise  isolated  bipolar  transistors  in  CMOS. 
The  base  implantation  was  adjusted  for  the 
different  emitter  complexes. 
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Cross  section  of  an  n-well  CMOS  structure  with 
an  isolated  npn  bipolar  transistor. 

for  applicstions  that  need  a  high  current 
drive  capability  like  buffer  circuits  a  buried 
layer  and  a  deep  collector  contact  were  added 
requiring  two  extra  masks. 
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a.  iinui  Bcna  mocmi 

During  CUM  scaling  the  n-chaanal  drain 
■tractor*  la  i^roTti  with  respect  to  hot 
eerier  and  short  channel  effects.  While  phos¬ 
phorus  drain  woro  typical  {or  2pa  CMOS  DID 
(double  iaplanted  drain)  and  LDP  (lightly  dopad 
drain)  ar*  nssd  for  l.Spa  and  lpa  CMOS  and 
beyond.  This  iaplitd  changes  in  bipolar  anittar 
structure,  too.  for  phosphorus  drains  phos¬ 
phorus  eaitters  with  junction  depths  of  about 
O.Spa  are  obtained  (fig. 2a).  For  the  DID  and 


fxouu  2 

■bitter  structures  obtained  simultaneously  with 
a-chaaael  source/drain  implantations  in  sealed 
DICK*. 


UD  structures  arsenic  and  phosphorus  are 
implanted  in  the  n-ehannel  region  while  the  p- 
ebeanel  regions  are  usually  nasked.  With  this 
■ask  the  pheepbores  implantation  can  also  be 
avoided  in  the  anittar  regions.  Thus  ter  DID 


and  LDD  arsenic  eaitters  can  be  obtained 
without  additional  photolithography  (rig. 2b  and 
e).  For  LDD  as  an  option  the  low  dose  of 
phosphorus  can  be  iaplanted  unmasked.  In  this 
case  the  optiaisations  of  the  a-  and  p- channel 
NOSFETs  are  coupled  and  the  bipolar  transistor 
has  an  arsenic  eaitter  with  phosphorus  tail 
(Fig. 2c) . 

4.  BIPOUt  DEVICE  characteeistics 

For  phosphorus  a  relatively  deep  eaitter 
with  about  O.Spa  eaitter  junction  depth  ia 
obtained.  For  DID  and  LDD  n-channel  drains  with 
nasked  low  dose  phosphorus  implantation  the 
arsenic  eaitters  are  as  shallow  as  200  na.  The 
base  implantation  dose  and  energy  had  to  be 
readjusted  for  comparable  base  pinch  resisti¬ 
vity.  It  was  necessary  to  account  for  the 
reduced  eaitter  junction  depth  and  the  lacking 
emitter  push  effect  inherent  in  phosphorus 
eaitters.  The  base  dose  had  to  be  reduced  by  a 
factor  of  4  for  the  arsenic  eaitter.  As  seen 


FtOOkl  3 

kesistivity  of  the  inactive  base  depending  on 
the  base  pinch  resistivity  for  F  and  As  eait¬ 
ters. 
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from  Fig.  3  this  results  in  sn  increased 
resistivity  of  ths  inset Its  hast  in  a  siallar 
aaoaat.  This  inactive  hasa  resistivity  strongly 
datarainas  tha  bass  sarias  raslstanca  which  in 
tarn  sf facts  tha  dynamic  behaviour  of  tha 
transistor  with  Is  ami t tar.  Sines  for  As  emit- 
tars  thsra  is  lass  compensation  of  hasa  charge, 
however ,  there  is  lass  sensitivity  to  process 
fluctuations. 


Fiona  4 

Bipolar  currant  gain  as  a  function  of  tha  bass 
pinch  resistivity  for  P  and  As  emitters. 

Pig.  4  shows  that  for  a  given  base  pinch 
resistivity  transistors  with  As  emitters  have 
lower  currant  gains,  which  is  due  to  tha  worse 
emitter  efficiency  of  the  shallower  As  emitter. 
Ihe  reason  for  this  is  the  vicinity  of  the 
emitter  contact  to  the  emitter  base  junction, 
which  incrases  the  effective  hole  recombination 
in  the  emitter  and  thus  the  hole  diffusion 
current  into  the  emitter. 

The  cutoff  fregueacy  is  typically  2.5  GHi 
for  As  emitters  compared  with  1.1  «I«  for  P 
emitters. 


s.  cncoxT  mronuci 

To  study  the  influence  of  the  changed  device 
structures  on  the  BICMOS  performance,  typical 
analog  and  digital  circuits  are  investigated. 
In  Pig.  A  a  differential  amplifier  with  500 


|  unity  gain  fraquancy 
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PIGUKS  5 

Measured  and  simulated  unity  gain  frequency  of 
a  differential  amplifier  depending  on  cutoff 
frequency  and  base  resistance. 

load  is  characterised  by  its  unity  gain  fre- 
quenzy.  A  comparison  of  the  measured  data  shows 
a  lower  unity  gain  for  As  emitters  than  for  P 
ones  in  spite  of  their  higher  cutoff  frequency. 
Using  circuit  simulations  the  influence  of  the 
base  resistance  and  the  cutoff  frequency  were 
separated.  The  speed  improvement  by  the  higher 
cutoff  frequency  for  As  is  shown  to  be  even 
overcompensated  by  the  increased  base  resi¬ 
stance.  In  Fig.  4  the  influence  of  the  current 
gain  is  shown.  Then  a  threshold  current  gain  of 
about  SO  is  exceeded  a  further  increase  does  no 
longer  improve  the  speed  performance. 
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ib  Fig.  7  measured  u  (iwUM  gate  delays 
«M  ewnwd  lor  as  Kb  invar  tar  ring  oscilla¬ 
tor  as  «  typical  digital  application,  similar 
as  for  tkt  diffaraotial  aaplifiar  tbs  improve- 
aaat  by  catotf  frequency  is  compensated  by  tbs 
iacraaaad  basa  rasistaaca.  The  As  saapla 
axibits  a  10%  higher  gats  delay  compared  with 
f.  booking  at  a  aora  complex  circuit  tba 
maximum  operating  frequency  of  a  static  EC l 
frequency  divider  shows  only  a  aarginal 
difference  between  770  KHz  for  P  and  780  KHz 
for  As.  In  this  case  the  speed  limiting 
influence  of  the  base  resistance  teens  to  be 
not  so  pronounced  than  for  the  KCL  inverter. 


unity  gain  frttwtncy 


noun  6  . 

Dependence  of  the  unity  gain  frequency  of  a 
differential  amplifier  on  the  bipolar  current 
gain. 

for  the  As  sample  base  dose  and  energy  are 
not  yet  optimised.  A  fine  tuning  of  the  base 
implantation  is  expected  to  further  increase 
the  cutoff  frequency  and  to  reduce  the  base 
resistance  so  that  the  small  less  in  speed  for 
An  is  elimiaatsd. 


FIGURE  7 

Measured  and  simulated  gate  delay  tine  of  an 
ECL  inverter  ring  oscillator  depending  on 
cutoff  frequency  and  base  resistance. 

$.  CONCLUSIONS 

It  was  shown  that  the  enitter  type  influ¬ 
ences  the  individual  bipolar  device  parameters. 
The  performance  of  bipolar  transistors  in 
BICHOS  is  not  represented  by  a  single  paraneter 
like  the  cutoff  frequency  alone.  The  conbina- 
tion  of  all  essential  parameters  has  to  be 
considered. 

For  the  applications  considered  the  consept 
of  using  the  NOS  source/drains  simultaneously 
as  bipolar  emitters  can  be  extended  to  sub-pn 
CKOS. 
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1.2jj.m  Bi-CMOS  Technology  with  High  Performance  ECL 
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1.2pm  Bi-CMOS  technology  with  ECL  gate  for  high  speed  device  has  been  developed.  A  process  is 
carefully  optimised  for  obtaining  the  best  performance  of  ECL  gate  without  degrading  1.2pm  Bi¬ 
CMOS  performance  and  mass  productivity. 


1,  INTRODUCTION 

Today,  Bi-CMOS  technology  is  being  introduced  in  various 
kinds  of  high  speed  VLSIs.  In  these  device,  as  well  as  Bi¬ 
CMOS  gates,  usuafiy  TTL  or  ECL  gates  ate  used  in  the  I/O 
circuits  to  ensure  die  compatibility  and  die  drivability  of  I/O 
interface.  But,  until  very  recently!  1],  there  have  been  very  few 
reports  that  ECL  gates  an  used  for  internal  logic  in  the  Bi¬ 
CMOS  VLSI*. 

Although,  ECL  is  currently  die  fastest  LSI  commercially 
available,  its  huge  power  consumption  limits  the  number  of 
gates  integrated  in  a  chip.  Therefore,  for  the  highest  speed 
VLSIs  and  ULSIs,  BiCMOS  with  internal  logic  ECL  is  the 
most  realistic  candidate,  though  level  conversion  circuit  delay 
between  CMOS/Bi-CMOS  and  ECL  gates  should  be  treated 
carefully.  In  tint  type  of  device*,  it  is  possible  that  the  three 
type*  of  gates  can  be  used  appropriately  according  to  the  pur¬ 
pose.  La.;  CMOS  gates  for  small  load,  high  integration  and  low 
power;  Bi-CMOS  gates  for  medium  load  and  medium  integra¬ 
tion;  ECL  gates  for  high  speed  a/a ad  large  load  and  small  in¬ 
tegration. 

In  there  devices,  it  it  desirable  that  process  it  optimized 
for  aB  of  the  three  types  of  gate.  Several  process  possibilities 
are  considered,  and  in  our  1.2pm  ECL/Bi-CMOS,  process  is 
firstly  optimized  for  CMOS  and  Bi-CMOS  gates  and  then  for 
ECL  gates.  The  results  show  diet  relatively  high  performance 
ECL  gate  is  obtained,  even  when  ECL  gates  process  is  optim¬ 
ized  widtin  1.2pm  BiCMOS  technology.  In  this  paper, 
1.2pm  BiCMOS  technology  with  relatively  high  performance 
ECL  is  explained. 

2.  mooes 

Fig.l  thowt  die  crore  section  of  1.2pm  Bi-CMOS  structure. 
Hg.2  thowt  da  cuthna  of  the  process  sequence.  Table  1  (hows 


Baric  process  is  1.2pm  CMOS  achnology  where  twia  well 


is  used  for  high  integration.  LDD  structure  is  used  for  NMQS- 
FET  to  ensure  high  reliability.  Pa  PMOSFET,  conventional 
structure  is  used,  and  minimum  poly  Si  gate  length  is  1.4pm  to 
keep  the  effective  channel  length  to  the  same  value  with  that  of 
NMOSFET. 

There  are  several  ways  to  combine  CMOS  and  bipolar  pro¬ 
cess.  In  our  case,  2nd  ploy  Si  emitter  structure  is  chosen  ,  and 
a  few  bipolar  process  steps  boxed  in  Bg.2  are  added  to  die 
CMOS  process,  which  results  in  5  mask  step  increase.  But  in 
the  case  of  static  RAM  which  alredy  have  2nd  poly  Si  pro¬ 
cess,  only  3  mask  step  increase  is  requited.  The  remainder 
portion  of  bipolar  process  steps  is  performed  in  the  course  of 
the  original  CMOS  process.  Fa  example,  collector  N"  region 
is  formed  by  N  well  diffusion,  and  base  contact  P*  region  is 
formed  by  source  and  drain  ion-implantation  of  PMOSFET. 

Buried  N*  and  deep  N+  regions  are  necessary  to  reduce  col¬ 
lector  resistance  and  thus  to  obtain  high  ft  of  bipolar  transistor. 
Buried  P*  region  is  optional  dependent  on  isolation  rule,  and  is 
not  used  in  this  case.  P  type  epitaxial  layer  is  grown  after 
buried  N*  formation.  Isolation  of  bipolar  transistor  is  per¬ 
formed  by  the  P  well. 

In  tins  process,  2nd  poly  Si  emitter  structure  is  chosen  to 
reduce  the  emitter  size  and  junction  depth,  which  results  in  die 
high  performance  of  bipolar  transistor,  in  order  to  reduce  the 
junction  depth,  base  and  emitter  should  be  formed  completely 
after  CMOSFET  fabrication.  2nd  poly  Si  emitter  structure  is 
suitable  for  this  kind  of  process  sequence  as  shown  in  Fig.2. 
1st  poly  emitter  structure  is  not  applied  here,  in  which  case 
base  is  doped  before  poly  Si  gate  deposition  and  base  width 
becomes  as  large  as  0.3pm. 

Flg.3  shows  s  typical  impurity  profile  of  bipolar  transistor. 
To  optimize  the  here  resistance  and  h*.  separately,  bare  ion- 
implantation  it  performed  twice.  Shallow  and  higher  concen¬ 
tration  peak  is  made  by  BF2  implantation  to  form  relatively 
high  concentration  P  type  bare  layer  and  to  reduce  the  base 
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mstotance.  Deep  end  lower  peek  to  node  by  B  implantation  to 
form  iatrineto  beae  P*  region  end  to  control  h^.  The  shallow 
peak  has  to  be  within  die  emitter  region  with  enough  margin  to 
that  k  does  not  effect  hfr.  For  this  reason,  emitter  depth  it 
made  a  little  deeper  ( around  0.15pm  )  within  the  succeeding 
short  900*C  heat  process  by  doping  poly  Si  with  e  «maii 
amount  of  phosphorus  in  addition  to  arsenic. 

To  achieve  low  emitter  resistance,  emitter  poly  Si  it  depo¬ 
sited  without  native  oxide  layer  at  the  interface  [2],  One  of  the 
merit  of  poiy  Si  emitter  to  to  gain  higher  due  to  the  ex¬ 
istence  of  native  oxide  at  die  poly  and  tingle  Si  interface.  But 
aa  emitter  size  induce*,  resistance  due  to  native  oxide  becomes 
significant  It  was  said  thm,  when  native  oxide  thickness  is  less 

O 

than  10  A ,  emitter  resistance  to  allowerable  [3],  but  control  of 
,  native  oxide  thickness  to  not  easy  and  variation  of  native  oxide 
thickness  sometimes  causes  significant  variation.  Therefore, 
we  avoided  native  oxide  during  poly  Si  deposition.  For  higher 
heat  process  such  aa  1000°C,  native  oxide  layer  breaks  up,  but 
in  900°C  process  it  to  difficult  to  break  up  once  native  oxide 
layer  exists. 

DEVICE  CHARACTERISTICS 

Fig. 4  shows  the  fa  -  Vd  characteristics  of  bipolar,  NMQS 
and  PMOS  transistor.  Table  2  shows  main  device  parameters. 
CMOS  characteristics  is  the  same  as  those  fabricated  by  origi¬ 
nal  1.2pm  pore  CMOS  process.  For  bipolar  transistor.  fTaMi  of 
6  GHz  is  obtained.  Variation  of  hj,  in  the  wafer  to  very  small. 

Fig.5  shows  a  typical  output  waveform  of  31  stage  ECL 
gate  ring  oeciltalnr.  Rg.6  shows  ECL  gate  propagation  delay 
time  versus  sheet  resistance  of  high  concentration  P  type  base 
layer.  Sheet  resistance  of  lkO  corresponds  to  r*  of  2000. 
tpj  of  0.17  oaec  to  obtained  when  p,  is  IkO.  r*,'  reduction  is 
important  for  ECL  gate  performance.  Fig. 7  shows  propagation 
delay  time  versus  load  capacitance  of  2  input  nand  Bi-CMOS 
gam.  tj*  of  0.5  nsec  to  obtained  when  CL  to  0.7pF. 

Flg.8  shows  fT  dependence  of  of  Bi-CMOS  gate  by 
SPICE  simulation.  Though  higher  fT  to  desirable,  iN  of  Bi¬ 
CMOS  gate  tend*  to  saturate  above  5-7  OHz,  because  perfor¬ 
mance  of  CMOSFBT  limits  that  of  Bi-CMOS  gate.  Similarly, 
forth*  improvement  of  other  device  parameters  such  as  resis¬ 
tance  and  capnchane  do  not  contribute  to  the  improvement  of 
Bi-CMOS  gate  performance  significantly.  Far  even 

when  value  becomes  half  or  twice,  t^  of  Bi-CMOS 
cftaugM  only  a  few  percent  at  the  load  capacitance  of  0.7  pF. 
In  cauderion.  although  farther  improvemea  of  device  pwame- 


tert  me  desirable,  as  for  as  1.2pm  Bi-CMOS  gate  is  concerned, 
fr  of  5-7  GHz  is  enough  and  base  resistance  to  not  so  critical. 

Situation  to  different  for  ECL  gate.  Both  highest  fT  and 
lowest  ru  to  necessary  to  obtain  the  best  performance  [4]. 
The  base  resistance  can  be  optimized  for  ECL,  but  further  im¬ 
provement  in  fr  is  not  easy  by  die  conventional  bipolar  struc¬ 
ture  of  the  1.2pm  Bi-CMOS  process.  For  Anther  improve¬ 
ment,  such  as  walled  emitter  or  emitter-base  self  alignment 
structure  is  desirable,  which  is  currently  not  cost-effective  and 
not  technologically  easy  in  order  to  combine  with  matured  and 
mass-productive  1.2pm  CMOS  process.  But  in  near  future 
these  advanced  bipolar  structure  would  be  necessary  for  high 
performance  Bi-CMOS  with  ECL  circuits. 

SUMMARY 

1.2pm  Bi-CMOS  technology  with  relatively  high  perfor¬ 
mance  ECL  circuits  has  been  developed.  2nd  poly  Si  emitter 
structure  is  used  to  reduce  emitter  size.  Poly  Si  is  deposited 
without  interface  native  oxide.  Junction  depth  of  bipolar 
transistor  is  reduced  by  forming  the  base  and  emitter  regions 
completely  after  CMOSFETs  fabrication.  Process  is  optimized 
for  ECL  within  the  1.2pm  Bi-CMOS  process,  specifically  for 
die  base  resistance,  of  0.17  nsec  is  obtained  far  ECL  gates. 
For  further  improvement  of  ECL  gate  performance,  some  ad¬ 
vanced  bipolar  structure  would  be  required.  Bi-CMOS  technol¬ 
ogy  with  internal  ECL  gate  will  be  the  most  realistic  candidate 
for  the  highest  speed  VLSI  and  ULSIs. 
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CMOS 

Twin  weU 
W  230  A 
Nek  LOD 

Cpjly  lJfun 

XjN  0.184m 

P  ck  Conventional 

Xjp  0.33|un 

Bipolar 

Emitter  Width  1.4pm 

*jBMrn*a  0.15|un 

*j»AS8  OJOpm 

tvrrAXUL  2pm 

Tabte.1  Main  process  parameter  of  Bi-CMOS 
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Fig.4  I„  -  characteristics  of  Bi-CMOS  devices 


Nch: 

v* 

0.8V 

Pck 

v* 

-0.8V 

Bipolar 

bfe 

100 

^Tmax 

6GHz 

ree' 

200 

rbb' 

2000 

rcc' 

1000 

C.b 

25fF 

Cbc 

30fF 

Cc 

80fF 

SE 

1.4pm  x  5pm 

Table.2  Main  device  parameter  of  Bi-CMOS 

1.2»un  BI-CMOS  GATE 


Flg.7  Bi-CMOS  gate  performance  ( versus  CL ) 


Fig.6  ECL  gate  performance 

( tpa  versus  p,  of  high  concentration  P  type  base  region  ) 


FlgB  fT  versus  t,*  of  Bi-CMOS  gate  ( CL  -  0.7  pF) 
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The  feasibility  of  a  250V  process,  named  Multipower  BCD,  integrating  Bipolar,  CMOS 
and  H.V.  P-channel  signal  devices  with  DMOS  power  stages  is  demonstrated.  The  adopted 
integration  scheme  allows  wide  flexibility  in  the  electrical  output  configuration. 
The  process  and  device  key  features  are  presented. 


1.  INTRODUCTION 

In  Smart  Power  IC  technology,  to  implement 
high  voltage  and  power  output  functions, 
DMOS  devices  are  preferred  to  Bipolar  devices 
because  of  their  simplified  drive  circuitry 
requirement,  very  fast  switching  speed, 
better  reverse  safe  operating  area  (SOAR) 
and  compatibility  with  CMOS  logic. 

The  integration  of  the  DMOS  translator 
has  been  approached  in  various  ways,  depending 
on  the  final  application  and  the  required 
voltage  and  current  capability. 

Within  a  Junction  isolation  technique, 
the  lateral  approach  (RESURF  type)  is  more 
suitable  to  achieve  very  high  voltage  capabi¬ 
lity  but,  in  some  cases,  the  source  voltage 
swing  is  limited.  The  vertical  design, 
with  the  drain  contact  on  the  back  of  the 
chip,  is  more  suitable  for  high  current 
requirement  but  it  is  limited  to  common 
drain  integrated  devices.  A  vertical  structure 
with  the  drain  contact  brought  to  the  top 
via  N+  buried  layer  and  sinker  diffusions 
allows  the  integration  of  more  than  one 
high  voltage  medium  current  DMOS  device, 
with  no  limit  in  the  electrical  output 
configuration.  Following  the  last  approach 


a  technology  termed  Multipower  BCD  has 
been  developed  in  the  60V  11)  ,  100V  and 
250V  ranges.  The  250V  rating,  investigated  in 
this  paper,  is  suitable  to  develop  off 
line  motor  controls  and  switched  mode  power 
supplies,  solid  state  relays  and  intelligent 
switches,  lamp  ballasts  and  fluorescent 
display  drivers.  A  test  pattern  has  been 
designed  to  evaluate  the  process  feasibility 
and  the  device  performances.  The  design 
has  been  supported  by  the  2-D  device  simulator 
HFIELDS. 

2,  PROCESS  KEY  FEATURES 

The  architecture  of  the  Multipower  BCD 
process  (fig.l)  is  based  on  the  merging 
of  the  DMOS  silicon  gate  process  with  the 
junction  isolation  technique.  In  the  250V 
version  the  junction  isolation  technique 
is  improved  by  the  top-bottom  approach 
to  reduce  the  high  temperature  drive-in 
times  required  by  the  needed  thick  epitaxial 
layer  minimizing  the  buried  layer  outdiffusion 
and  the  isolation  and  sinker  well  sizes. 

A  large  group  of  basic  devices  such 
as  Bipolar,  CMOS,  DMOS,  H.V.  P-channel 
MOS  transistors  and  zener  diodes  can  be 
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FIGURE  1 

Multipower  BCD  250V  process  cross  section 


obtained  by  using  the  dopant  profiles  involved 
in  the  DMOS  silicon  gate  process  adding 
only  two  extra  P  doped  layers: 

-  the  P  well  regions  designed  to  realize 
self  isolated  N-channel  MOS  in  CMOS  devices, 
inplanted  after  epitaxial  growth  and 
driven  along  with  the  top  isolation  and 
top  sinker; 

-  the  lightly  boron  doped  drain  extensions 
for  the  H.V.  P-channel  MOS  transistors 
inplanted  before  arseric  doped  sources, 
drains  and  emitters. 

The  total  number  of  masking  steps  is 
14  and  a  4-um  linewidth  and  1-ura  alignement 
tolerance  process  is  used. 


3.  OEVICE  DESCRIPTION 

3.1  Bipolar  and  CMOS  devices 
As  regards  the  signal  devices,  whose 
main  electrical  characteristics  are  reported 
in  tab.l,  two  kinds  of  NPN's  are  available 
according  to  the  doping  profile  employed 
as  a  base  region.  For  the  lateral  PNP's, 


TABLE  1 


SIGNAL 

DEVICES 

BIPOLARS 

*fe 

Vceo 

CV) 

BVCb0 

(V) 

o 

.0 

q) 

>  > 
CD  w 

NPN1 
P-well  base 

200 

75 

180 

18 

NPN2 
P-body  base 

35 

120 

130 

8 

LPNP 

CL  r  18u) 

60 

80 

150 

190 

Vth 

CMOS  (V) 

B  Vdss 
(V) 

9m/  Z  Ron’Z  Tde|ay 
(S/cm)  (XL 'em)  (nsec) 
Vgs=10  Vgs=10  f.o.=  1 
Vds=  5  Vds=0.1 

N-ch.  1.0 

18 

0.16 

1.9 

24 

Vdd  -  5 

P-ch.  1.2 

20 

0.Q5 

24 

10 

Vdd  =10 

spacings  between  emitter  and  collector 
wells  down  to  8-um  are  possible  according 
to  the  gains  and  Early  effect  required. 

A  proper  P  well  region  for  CMOS  devices 
provides  the  matching  between  the  N-  and 
P-channel  threshold  voltages  without  any 
extra  adjust  implant.  With  the  lithographic 
rules  employed  in  the  process,  a  density 
of  about  450  tr/mm2,  N-  and  P-channel  mixed, 
can  be  obtained. 

3.2  Low  Leakage  Diode  (LLD) 

If  to  the  14  mask  process  an  extra  mask 
is  added  to  implant  an  optional  phosphorus 
doped  buried  layer,  the  top-bottom  approach 
allows  the  integration  of  an  isolated  high 
voltage  LLD  (fig.l)  that  is  useful  as  a 
free-wheeling  diode  in  inductive  load  driving. 
This  structure  has  achieved  a  blocking 
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voltage  capability  of  about  290V  and  a 
current  losa  towards  the  substrate  of  about 
four  orders  of  magnitude  lower  compared 
to  a  traditional  base/collector  diode, 
due  to  the  very  low  gain  of  the  parasitic 
substrate  PUP. 

3.3  N-channel  Vertical  CMOS  transistor 

The  DUOS  design  work  has  been  carried 
on  to  obtain  a  device  that  guarantees  the 
desired  voltage  capability  with  the  minimum 
RonxArea  value,  keeping  into  account  some 
constraints.  To  avoid  channel  punch-through 
at  the  maximum  applied  voltage,  the  body 
region  has  a  doping  profile  designed  for 
a  channel  length  of  about  1. 7-um  and  a 
threshold  voltage  of  3V.  The  epitaxial 
layer  thickness  is  fixed  equal  to  25-um 
as  a  maximum  value  available  by  the  top-bottom 
technique.  The  resistivity  is  chosen  equal 
to  11-ohmxcm  as  a  good  tradeoff  between 
the  blocking  requirement  and  the  drift 
region  contribute  to  the  on  resistance. 

The  junction  edge  termination  that  optimi¬ 
zes  the  device  blocking  voltage  capability 
has  resulted  to  be  a  triplanar  field  plate 
(fig. 2)  obtained  extending  the  source  metal 


beyond  a  biplanar  polysilicon  electrode 
running  over  the  gate  and  the  field  oxide . 

These  two  oxides,  whose  thicknesses 
are  respectively  850-A  and  2.5-um,  are 
connected  with  a  very  low  angle  (less  than 
20*)  to  reduce  the  electric  field  peak 
arising  at  the  transition  point  and  to 
improve  step  coverage.  The  positioning 
of  the  third  field  plate  level  on  an  increased 
dielectric  thickness  lowers  the  induced 
electric  field  at  the  silicon  surface, 
allowing  a  breakdown  voltage  20V  higher 
with  respect  to  the  biplanar  one  and  making 
the  device  unaffected  by  field  oxide  thickness 
reduction  from  2.5-um  to  1.5-um. 

However  in  the  actual  process,  to  reduce 
vertical  and  fringing  electric  fields  induced 
by  the  high  voltage  interconnection  crossover, 
a  2.5-um  thick  oxide  is  preferred. 

The  integrated  DMOS  layout  configuration 
has  been  chosen  according  to  a  mathematical 
model  (1]  that  provides  the  specific  on 
resistance  as  a  function  of  the  physical 
and  geometrical  parameters  involved  in 
the  structure  (fig. 3).  Test  vehicles  designed 


FIGURE  2 

DMOS  edge  cross  section 


FIGURE  3 

RonxArea  vs.  DMOS  design  parameters 


placing  between  two  drain  sinker  contacts 
11  square  shaped  ( 15-uaxl5-um)  cells  with 
a  gate  width  of  15-um  have  exhibited  a 
specific  on  resistance  equal  to  5.2-ohmxom>2, 
in  good  agreement  with  the  calculated  value. 

The  DUOS  electrical  characteristics 
are  shown  in  tab. 2. 


TABU  2 

HIGH  VOLTAGE  DEVICES 


Vth  BVdss  Ron’  Z 

Ron’Area 

(V) 

(V) 

(S/cm)(Acm)  (JVcm2) 

Vgs=10  Vgs=10 

Vgs=10 

Vds  =  5  Vds  =0.1 

Vds -0.1 

P-ch.  1.2 
MOS 

320 

0.037  44 

N-ch.  3 
DMOS 

315 

0.11 

5.2-10"2 

3.4  High  Voltage  P-channel  NOS  transistor 
The  Multipower  BCD  process  allows  to 
integrate  a  H.V.  P-channel  MOS  that  can 
be  used  to  drive  the  H.V.  DMOS.  The  blocking 
capability  is  provided  by  an  implanted 
extended  drain  that  depletes  back  when 
a  reverse  voltage  is  applied  avoiding  electric 
field  crowding  and  MOS  channel  punch-through. 

The  drain  extension  doping  charge  is 
gradually  increased  from  the  gate  to  the 
contact  region,  interposing  the  same  medium 
doped  P  well  profile  employed  in  the  CMOS, 
to  better  partition  the  applied  voltage  12)  . 

Besides,  the  high  surface  electric  field 
at  the  drain/gate  overlap  is  reduced  extending 
the  source  metal  over  a  part  of  the  more 
resistive  drain  extension  region.  A  structure 
designed  with  drain  extension  and  P  well 
lengths  respectively  equal  to  30-um  and 


10-um  can  sustain  the  required  voltage 
on  a  wide  range  of  drain  extension  implant 
doses  (fig. 4).  Its  electrical  characteristics 
are  reported  in  tab. 2. 


Drain  extension  implant  dose 
FIGURE  4 

H.V.  P-channel  MOS  BVdss  vs,  drain  extension 
implant  dose 

4.  CONCLUSIONS 

By  using  a  top-bottom  junction  isolation 
approach,  low  voltage  Bipolars  and  CMOS, 
high  voltage  P-channel  MOS  and  Low  Leakage 
Diodes  have  been  integrated  with  high  voltage 
and  medium  current  Vertical  DMOS  devices 
with  planar  contacts.  The  breakdown  voltage 
of  300V  for  DMOS  and  P-channel  MOS  was 
respectively  achieved  by  a  triplanar  field 
plate  and  a  double  doped  drain  extension 
as  junction  edge  terminations. 
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At  affect  of  ETA  tine  on  tha  emitter  profilaa  and  baaa  currant  of  polyallicon  aaittar 
bipolar  tranaii  tor  a  haa  boon  atndlad.  Exper  iamntal  raaulta  show  increaalng  baaa  currant 
with  annaal  tin*.  Tha  contact  aaturation  currant  danaltp  Joa  haa  been  extracted  for  a 
device  with  polpailieon  doping  level  of  3x10*°  car*  and  a  *5  aaeond  1100°C  ETA. 


1.  IMTB0DUCTION 

Polyallicon  aaittar  bipolar  tranaiatora  have 
boon  fabricated  aa  part  of  a  combined 
CMOS/Bipolar  proc  aa  daacribad  pravloualy  (1] 
(2).  Rapid  Tharaal  Proceaaing  (RTF)  aarvaa  tha 
coablned  purpoaa  of  a)  araanlc  activation  and 
drive-in  for  ahallow  aaittar  foraatlon, 
b)  annaal /activation  for  aourco  and  drain  arena 
and  c>  flow  and  reflow  of  BPSG  for 
planarlaation  and  contact  hola  rounding. 

Savaral  recant  publication  [31(4]  have 
analyaad  davlcaa  in  which  tha  aaittar  haa  bean 
formed  by  araanlc  out-dlffualou  froa 
polyaillcon.  Thaaa  report  the  effect  of  - 
conventional  furnace  annealing  condltiona.  In 
thla  paper  tha  affacta  of  high  teaperature 
proceaaing  in  a  Heat  Pulae  410T  Rapid  Annealing 
Syataa  are  aaaaaaad. 

2.  EXPERIMENTAL  PROCEDURE 

2.1.  Device  Pro^ racing 

An  n-well  waa  diffuaed  into  a  p-type 
aubatrate  to  act  aa  both  the  collector  of  the 
bipolar  tranaiatora  and  the  iaolation  well  for 
the  p-channel  NOSPETa.  The  bipolar  davlcaa' 
baaa  dopant  waa  iaplanted  and  then  drlven-ln 
during  the  CMOS  gate  oxidation.  Vindowa  were 
defined  la  thla  oxide  to  fora  the  aaittar 


regiona.  The  wafera  were  cleaned  and, 
immediately  following  an  Hr  dip  etch,  a  layer 
of  LPCVD  polyaillcon  waa  depoalted.  The 
polyaillcon  waa  doped  by  araanlc  implantation 
at  40keV.  Subaequent  thermal  proceaaing 
conalated  of  a  45  minute  900°C  furnace 
anneal/oxidation  and  two  Rapid  Thermal  Anneala 
(RTA).  Finally,  after  aetal  deposition  and 
patterning,  the  wafera  were  annealed  in 
Ha: Ha  at  430°C  for  15  ainutea. 

In  experiment!  the  total  RTA  time  waa  varied 
between  20  and  45  aeconda.  Also,  on  aamplea 
given  a  45  aecond  RTA,  two  ealtter  doaea  wore 
investigated. 

2.2.  Electrical  Meaaureaenta 

Probing  of  a  device  with  emitter  diaenaiona 
of  65pm  x  7.5pm  waa  carried  out  on  a 
thermally  atablllaed  chuck  at  300°K. 

Saturation  eurrenta  Ibo  and  Ico  were  obtained 
by  extrapolating  froa  the  awaaured  Gumael 
plota,  uaing  an  ideal  diode  gradient,  figure  1. 

2.3.  Analysis 

Secondary  Ion  Maaa  Spectrometry  (SIMS) 
analyaia  waa  carried  out  on  teat  atructurea 
which  were  proceaaed  along  with  the  devlcea. 
Spreading  Realatance  Analyaia  (SRA)  waa  alao 
uaed  to  check  the  abaolute  dopant 
concentration!  given  by  SIMS  analyaia. 


3.  MMUJK 

3.1.  Process  Modelling 

Simulation  stint  8UPUX3  (SI  wi  Nfloytd  to 
prodiet  the  dopes t  profile*.  Using  default 
nlttii  srtsslc  out-dif fusion  fro*  the 
polyslllcon  into  the  tint  Is  erytttl  mt  found 
to  bo  in  poor  agreement  with  the  nsttursd 
prof  Hot.  Hodellins  the  polyslllcon  *•  o 
constant  to*  source  of  arsenic  in  nit rotes, 
however,  produced  better  results.  This 
approach  can  bo  justified  when  one  considers 
that  arsenic  diffuse*  very  rapidly  along  the 
grain  boundaries  and  establishes  a  constant 
average  dopant  concentration  in  the 
polysilicon.  Purthensore  the  uaount  of  arsenic 
in  the  single  crystal  part  of  the  asiitter  is 
snail  aaounting  to  less  than  5%  of  the  total 
dose  in  the  polysilicon. 

3.2.  Device  Modelling 

Characterisation  of  polysilicon  contacts  to 
bipolar  transistors  has  usually  been  carried 
out  by  use  of  the  parameter  Sp  (61,  the 
effective  recambinetlon  velocity  of  the 
minority  carriers  at  the  poly/ single  crystal 
interface.  For  this  work,  however,  it  was 
decided  to  adopt  the  approach  laid  out  in  [4], 
and  use  the  parameter  Jos,  the  contact 
saturation  current  density  as  the  figure  of 
merit  for  the  polyslllcon  contact.  Jos  is 
defined  as 

Jos  -  qSppo(WE) 

where  q  is  the  electronic  charge  and  ^  <x) 
is  the  equilibrium  hole  concentration.  The 
interface  (xeilg)  *t  *  distance  Vg  from 
the  smitter  base  junction  (x-0) . 

The  smitter  saturation  current  density  Joe, 
was  taken  as 

Joe  -  Xbo/Ag 

where  hg  is  the  emitter  area.  The  device 
simulator  8IPOLS  (71  was  then  used  to  extract 
Jos  for  the  given  doping  profile  by  fitting  the 
simulation  result  for  Joe  to  the  measured  value 
by  altering  Sp.  During  this  exercise  the 
mobility  data  of  Soulston  et  al  (81  was  used 
with  an  Auger  recombination  coefficient  of 


1 . 8xl0-*lcm*s-1  employed  on  the 

basis  of  the  work  by  dal  Alamo  et  al  (9]. 

4.  EXPERIMENTAL  RESULTS 

SIMS  profile  results  for  four  different  RTA 
tins*  are  given  in  figure  2.  Arsenic  is  known 
to  segregate  to  grain  boundaries  in  the 
polysilicon.  Therefore,  a  peak  in  the  profile 
exists  at  the  grain  boundary  between  the  poly 
and  single  crystal  silicon.  The  effect  of 
increased  RTA  time  leading  to  increased  arsenic 
out-diffusion  can  clearly  be  seen. 

Figure  3  shows  the  combined  SIMS,  SRA  and 
SUPRKM3  profiles  in  both  the  smitter  and  base 
regions  of  the  device.  Good  Agreement  is  seen 
in  the  single  crystal  part  of  the  emitter  and 
at  the  emitter  base  junction.  Deviation  of  the 
SRA  results  from  the  SIMS  near  the  base 
collector  junction  is  likely  to  be  caused  by 
field  crowding  near  to  the  surface  of  the 
bevelled  sample.  Due  to  grain  boundaries  and 
hence  increased  resistivity  in  the  polyslllcon 
an  erroneously  low  concentration  is  given  by 
SRA  In  this  layer. 

The  emitter  saturation  current  densities  are 
plotted  as  a  function  of  RTA  time  In  figure  4. 
Joe  can  be  seen  to  lncraase  with  Increasing 
time  at  1100°C.  The  sample  with  the 
increased  arsenic  concentration  of 
3. 75xl02Ocm-*  exhibits  a  marginally 
higher  Joe  than  the  sample  with 
3.0xl0xocm~*.  This  difference  is 
however  not  greater  than  experimental  error. 

Extraction  of  Jos  was  carried  out  for  the 
3.0xl0,oesf2  doped  emitter  which  had  a 
45  second  RTA.  This  gave  a  value  of 
Jos  »  (1.5  ♦  0.3>xl0~12  Acm'2 
with  70-80%  of  the  injected  hole  current 
reaching  the  original  poly/single  crystal 
interface. 

These  results  agree  with  those  of  Patton  et 
al  (4),  in  demonstrating  the  Increase  In  Joe  as 
emitter  drive-in  time  is  increased.  Agsin 
referring  to  (4)  the  Jos  value  given  here  would 
correspond  to  an  interface  which  has  had  the 
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original  utlv*  ox  id*  broken  up  and  haa 
substantially  raalignad.  Tha  work  by 
WlitMbolM  at  al  (3]  would  suggest  that  tha 
initial  45  «iautes  at  900 °C  doaa  not 
significantly  braak  up  tha  native  oxida.  Thia 
aaaaa  that  tha  1100°C  annaal  ia  necessary 
for  thia  intarfaea  braak  up. 

5.  CONCLUSION 

In  thia  work  raaulta  hava  baan  praaantad  on 
tha  effects  of  (U  tiaa  on  aaittsr  profila  and 
aaturatlon  currant  danaity  for  polyailicon 
contactad  bipolar  tranaiatora.  Incraaaing 
tlawa  laad  to  higbar  Joa  valuaa  and  largar  baaa 
curranta.  Thia  way  not  ba  undaairabla  howavar, 
if  incraaaad  raproducibility  ia  obtalnad 
through  raduction  of  tha  intarfaclal  affaeta, 
whila  naintaining  ahallow  junctiona. 
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The  Influence  of  substrate  Material  on  Si-implanted  CV-profiles  is 
demonstrated  on  s.i.  LBC  grown  GaAs .  Local  activation  is  affected 
by  stoichiometry  variations  near  dislocations.  Por  higher 
concentrations  the  variations  increase  due  to  saturation  effects. 
By  co- implantation  of  As  and  enhanced  implantation  damage  the 
activation  is  decreased  and  the  dislocation  influence  increased. 


Introduction 

Silicon  is  the  most  commonly  used 
dopant  for  the  formation  of  n-type 
active  layers  by  ion  implantation  into 
semi-insulating  GaAs .  The  application 
of  MBSFBTs  for  digital  LSI  circuits 
requires  a  high  degree  of  threshold 
voltage  uniformity  and  reproducibility. 
Therefore  the  doping  profile,  i.e.  its 
shape  and  activation  efficiency,  has  to 
be  controlled  carefully.  However,  the 
activation  of  the  Implanted  silicon  is 
dependent  on  substrate  properties  and 
quality.  Dislocations,  deviations  from 
stoichiometry  and  concentrations  of 
both  gallium  and  arsenic  vacancy 
defects  as  well  as  of  impurities 
influence  the  activated  profiles  [1-5]. 

In  the  following  paper  we  will 
demonstrate  the  influence  of  the 
substrate  material  itself  on  the  doping 
profile  and  show  the  effect  of  an  As* 
co-implantation.  Macroscopic  as  well  as 
microscopic  variations  of  profiles  in 
conventional  undoped  GaAs-substrates 
are  evaluated  quantitatively  and 
interpreted  in  terms  of  their  relevance 
for  FIT  hceK>geneity  and  compared  to 
requirements  of  LSI  digital  circuits. 


Experimental 

The  substrate  material  used  was  Siemens 
2* -semiinsula ting  undoped  GaAs.  Ion 
implantation  was  performed  into  the 
blanket  wafer  under  appropriate  tilt 
and  rotation  angles  in  order  to  avoid 
inhomogeneities  due  to  planar 
channeling.  Capless  annealing  was 
performed  under  an  AsHs-overpressure .  A 
CV-pattem  [6]  (Fig.  1)  was  created  by 
lift  off  technique  using  Ti/Pt/Au 
metallization.  The  CV-pattem  allows 
for  a  high  lateral  resolution  (lOOiun) 
because  each  Schottky  contact  is  used 
nine  times,  once  acting  as  the  diode 
under  test  and  eight  times  acting  as 
part  of  the  ring  electrode.  The 
interconnections  are  installed  on  the 
probecard.  Measurements  are  performed 
on  semi -automatic  probestations  using 
an  LF- impedance  analyser  and  applying 
appropriate  corrections  [6]  for  the 
evaluation  of  the  CV-profiles.  For 
mappings  of  the  entire  wafer  every  10®n 
diode  is  measured,  resulting  in  a 
resolution  of  1mm. 
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Schott  ky-Metallization 


Figure  1 

Schematic  of  the  Schottky-metallisation 
for  high  lateral  resolution  CV- 

measurements . 


Results 

Fig.  2  shows  a  capacitance  nap  measured 
at  sero  bias  voltage  on  a  2 "-wafer 
implanted  with  aaSi  at  60keV  with  a 
dose  of  3E12cm-a.  The  material 
influence  results  in  a  higher 
capacitance  in  the  center  and  at  the 
edge  of  the  wafer.  The  lowest  values 
are  located  at  the  well  known  positions 
of  lowest  dislocation  density  along  the 
[110]  radial  directions  resulting  in  a 
four-fold  symmetry.  The  variations  are 
±1.5%  for  a  mean  value  of  1.37fFmn-a.  A 
comparison  with  the  doping  profile 
shows  that  these  variations  are  due  to 
variations  in  the  overall  activation 
efficiency.  Since  the  width  of  the 
space  charge  region  (N)  is  proportional 
to  N-*-'a  (H-doping  concentration),  the 
variation  of  doping  concentration  &N/N 
is  twice  the  variation  of  capacitance 
AC/C.  For  the  case  mentioned  above  a 
variation  in  M  of  ±3%  results.  This  is 
in  agreement  with  the  CV-profile.  As 
the  shape  of  the  profile  is  constant. 


this  means  that  V*  varies  by  the  same 
amount,  leading  to  values  of  ±16mV  for 
VT«+150mV.  This  is  a  value  tolerable 
for  l£X  circuit  applications  [ 7 ) . 

On  the  microscopic  scale  the  influence 
of  dislocation  networks  on  V*  was 
demonstrated  frequently  [1,3-5].  But 
there  is  little  information  about  the 
doping  profiles  involved  [ 6 ] . 
Especially  the  question  whether  an 
activation  [1]  or  a  compensation  effect 
[2]  is  responsible  is  not  clearly 


Figure  2 

Capacitance  map  at  0V  bias  voltage 
(top)  and  selected  CV-profiles  (bottom) 
after  Si  implantation  (60keV,  3*10ia 
cm-a)  into  2"-s.i.  LEC  grown  undoped 
GaAs. 


resolved.  Fig.  3  shows  a  high 
resolution  nap  of  the  capacitance  of  an 
area  of  2x2mma  in  the  center  of  a  wafer 
implanted  at  6QkeV  with  a  dose  of 
5S12cm-a.  The  influence  of  the 
dislocation  network  is  seen.  The  doping 
profiles  taken  at  the  center  and  the 
wall  of  one  dislocation  network  differ 
from  each  other  in  such  a  way  that  the 
peak  activation  is  higher  at  the  wall 
than  in  the  center.  In  the  tail  of  the 
profile  no  differences  are  measured. 
This  effect  is  enhanced  by  using  higher 
implantation  doses  (Fig.  4).  Going  from 


* - , - . <  0-5  mm 


+4>! 

*3* 

+2* 

-I* 

-1JS 

-2*/. 

-2'/. 

-3*/. 

-3X 

-4/« 

-4m 


Z(pm) 


Figure  3 

Microscopic  capacitance  map  (top)  and 
selected  CV-profiles  (Si*,60keV,5*10ia 
cm-*,  bottom)  showing  the  influence  of 
dislocation  networks. 


Figure  4 

Dose-dependent  microscopic  activation 
scattering  for  60keV  Si  implants. 


5E12cm-a  to  7.5E12cm~2  the  relative 
difference  of  the  peak  carrier 
concentrations  increases  from  3%  to  7% 
(corresponding  to  Vrr-values  of  -1.9V  ± 
20mV  and  -3.2V  +  70mV  respectively). 
The  results  can  be  explained  by  a 
saturation  of  the  Ga  vacancy  occupation 
with  Si  atoms  that  takes  place  at  a 
lower  Si  concentration  in  the  center  of 
the  network  than  at  the  wall.  By 
approaching  a  saturation  concentration 
of  1. . .2E18cm-a,  where  the  amphoteric 
character  of  Si  prevents  higher 
concentrations  to  be  activated,  the 
dislocation  influence  is  enhanced. 

A  similar  increase  is  observed  by  the 
use  of  an  As*  co-implantation  of 
lE13cm-a  at  170keV  into  a  Si-layer 
formed  at  60keV  with  a  dose  of 
7.5E12cm-a  (see  Fig. 5).  Both 
implantations  where  capless  annealed 
together.  In  this  case  the  activation 
efficiency  decreased  as  a  consequence 
of  the  implantation  damage.  The  ratio 
AC/C  between  center  and  wall  of  the 
dislocation  network  was  6%. 
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dependent  due  to  saturation  effects. 
The  lowest  variations  are  obtained  with 
an  annealing  process  that  results  in 
nearly  100%  activation  as  shown  in 
Pig. 3. 
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Figure  5 

Microscopic  capacitance  map  (top)  and 
selected  CV-profiles  (bottom)  after  co¬ 
implantation  of  Si  (60kV,7.5*10ia  cm-*) 
and  As  (170kV,l*1013  cm-*). 


Conclusions 

The  results  can  be  interpreted  in  terms 
of  the  simple  defect  model  of  Miyazawa 
et.al.  [1].  It  was  found  that  the 
concentration  of  EL2  (8)  is  increased 
around  dislocations  with  respect  to  its 
average  value.  As  a  consequence  the 

concentration  of  Ga-vacancies  and  the 
activation  efficiency  for  Si  increases. 
When  the  density  of  Si  is  increased  the 
activation  efficiency  and  the  scatter 
of  the  activation  become  concentration 
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COMPARISON  OF  RAPID  ANNEALING  AND  FURNACE  ANNEALING  OF  SI  IMPLANTED  INTO  GAINAS . 


J.  SplettstBEer,  H.  Heesel,  U.  Breuer,  W.  Albracht  , 
D.  Schmitz*,  J.  Selders**  and  H.  Beneking*** 


InatiCute  of  Semiconductor  Electronic* 
Aachen  Technical  University 
Sqmmerf eldatraEe ,  D-S100  Aachen,  FRO 


The  activation  efficiency  of  conventionell  furnace  annealing  (650  °C-900  °C,  30 
nln,  SlOj  cap,  N2  ambient)  and  rapid  thermal  annealing  (600  °C-900  °C,  with  and 
without  Si02  cap,  N2  ambient)  has  been  compared  in  Si  doped  GalnAs  layers  grown 
lattice  matched  by  either  OMVPE  or  LPE  on  InP.  Carrier  profiles  and  atomic  profiles 
have  been  determined  by  selective  Hall  measurement,  C/V  profiling  and  SIMS  measure¬ 
ments.  For  an  implantation  dose  of  2*10^-1 * * 4  cm'2 *  and  rapid  thermal  annealing  at  900 
°C  activation  of  69  %  with  a  sheet  resistance  of  20  (1  is  found.  Rapid  thermal 
annealing  and  furnace  annealing  lead  to  comparable  activation  efficiency  and  Hall 
mobility  data.  A  broadening  of  carrier  concentration  profile  for  furnace  annealing 
at  700  °C,  30  min  is  observed.  Rapid  thermal  annealing  between  700  °C  and  900  °C 
leads  to  no  measurable  change  in  Si  profile. 

In  case  of  low  dose  Si  implantation  in  OMVPE  grown  layers  highest  activation  (65 
*)  is  achieved  for  rapid  thermal  annealing  at  700  °C.  The  electron  mobility  at  a 
doping  concentration  of  lO*7  cm'*  is  5800  cm2V'l-s'l.  For  low  dose  Si  implantation 
in  LPE  grown  layers  the  activation  is  100  t  after  rapid  annealing  at  800  °C.  Long 
furnace  annealing  (700  °C,  30  min  )  results  in  an  anomalous  high  carrier  concentra¬ 
tion  at  the  surface. 


1.  INTRODUCTION 

Si  can  be  used  to  produce  highly  doped  n- 

GalnAs  layers  as  desired  for  JFET  and  MISFET 

source  and  drain  regions!  1].  However  the  mini¬ 
mization  of  diffusion  of  dopants  into  GalnAs 
bulk  and  along  the  Insulator/GalnAa  Interface 

requires  a  reduction  of  annealing  temperature 
and  annealing  time.  Furthermore  we  want  to 
explore  the  possibilities  of  Si  ion  implanta¬ 

tion  for  moderately  doped  layers  (n»10*7cn‘^) 
as  required  for  channel  regions  [2]. 

The  aim  of  our  work  is  to  optimize  annealing 
conditions  with  regard  to  activation  and  re- 
crystalllzation  in  order  to  avoid  diffusion. 


2.  EXPERIMENTAL 

We  studied  the  annealing  of  Si  implanted  into 
n-  and  p-type  GalnAs  with  doses  between  1*10^7 
cm  ®  and  3*10^  cm"  ^ .  The  implantation  energies 
varied  between  25  keV  and  200  keV.  Lowly  doped 
GalnAs  has  been  grown  by  LPE  and  OMVPE  lattice 
matched  on  InP  substrates.  The  distribution  of 
implanted  Si  has  been  measured  by  SIMS,  selec¬ 
tive  Hall  measurement  and  C/V  profiling.  In 
case  of  low  dose  Si  Implantation  2  K  PL  has 
been  used  to  monitor  the  optical  quality  of  the 
layers.  The  implanted  layers  have  been  annealed 
either  by  rapid  thermal  annealing  or  furnace 
annealing.  The  temperature  was  varied  in  the 
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range  fro*  600  °C  Co  1000  °C.  Rapid  charnal 
annealing  was  performed  with  a  tungsten  leap 
furnace.  The  heating  rate  Is  about  100  °C  per 
second.  Anneal  tl*e  is  defined  as  the  period 
during  which  temperature  Is  higher  than  90  t  of 
anneal  teaperature.  All  rapid  theraal  annea¬ 
lings  were  performed  with  the  shortest  possible 
anneal  tiae,  which  is  3  s  .  In  case  of  RTA  the 
implanted  saaples  were  either  encapsulated  with 
SiOj  or  capless  conditions  were  chosen. 

3.  RESULTS  AND  DISCUSSION 

In  Fig.  1  the  influences  of  annealing  tempe¬ 
ratures  (methods  RTA  or  30  Bin  furnace  annea¬ 
ling)  and  capping  conditions  (capless  or  with  a 
SiOj)  are  plotted. 


600  700  800  900  1000 

^/•C  - •» 


FIGURE  1 

Dependence  of  electrical  activation  for  high 
dose  Si  1 aplanced  CalnAs  layers  on  annealing 
teaperature.  The  implantation  is  a  double  la- 
plantation  g-100  keV,  0-6*10^3  CH-2  and  g-50 
keV,  D-3*10^3  cm*2 .  Capless  and  annealing  with 
SlOj  cap  as  well  as  RTA  and  furnace  annealing 
are  coapared.  Results  obtained  on  ONVFE  grown 
GalnAs  layers  are  aarked  with  arrows.  In  this 
case  the  Implantation  parameters  are  E-100  keV 
and  D-2‘101*  cm*2. 

As  usually  observed  the  activation  increases 
with  higher  annealing  temperatures  [3]  .  At  the 
saae  teaperature  furnace  annealing  results  in  a 
10  %  higher  activation  than  rapid  theraal  an¬ 


nealing.  The  influence  of  cap  on  activation  is 
low.  The  activation  in  LPE  grown  saaples  is  10 
*  higher  than  in  OHVFE  grown  aaterial.  In  Fig. 2 
carrier  concentration  profiles  received  fro* 
selective  Hall  measurements  are  coapared  with 
the  LSS  model. 


depth /pm 

FIGURE  2 


Electron  concentration  and  electron  nobility 
profile  measured  by  selective  Hall  neasureaent. 
The  profile  resulting  fron  furnace  annealing 
(700  °C,  30  ain  )is  marked  with  crosses.  Squares 
represent  the  profile  froa  rapid  annealing  at 
700  °C. 

The  profile  resulting  from  RTA  at  700  °C  sug¬ 
gests  Chat  diffusion  is  negligable.  However 
furnace  annealing  broadens  the  profile. 

SIMS  aeasureaents  are  used  to  determine  pro¬ 
jected  range  and  projected  standard  deviation 
values  for  Si  iaplanted  with  energies  between 
25  keV  and  200  keV.  For  sputtering  10  keV  Cs  + 
ions  or  10  keV  02+  ions  have  been  used. 

The  experimental  range  data  have  been  deter¬ 
mined  by  a  Gauss  fit  and  are  listed  in  Table  1 
in  comparison  with  data  from  LSS  model.  Espe¬ 
cially  the  high  energy  implants  correspond  with 
theory . 
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mobility  /  10  cm  Vs" 


TABLE  1 

Range  data  foe  Si  iaplantation  with  different 
energies . 


LSS  theorie 

experim. 

50keV  Rp/pm 

0.044 

0.037 

ARp/pm 

0.028 

0.033 

lOOkeV  Rp/pm 

0.087 

0.075 

ARp/pm 

0.048 

0.050 

200keV  Rp/pm 

0.177 

0.184 

ARp/pm 

0.082 

0.108 

SIMS  depth  profiles  of  a  Si  implantation  (E- 
50  KeV;  D-  2*10^5cm'2)  are  shown  in  Figure  3. 
Rapid  annealing  between  700  °C  and  900  °C  in¬ 
troduces  no  measurable  change  in  Si  profile. 


FIGURE  3 

Si  depth  profiles  for  rapid  thermal  annealed 
samples  measured  by  SIMS  (  as  iapl., 
.  700°C, -  800°C , - 900°C)  . 

Carrier  concentration  profile  and  mobility 
profile  for  low  dose  implantation  in  OMVPE 
grown  samples  are  shown  in  Figure  4  and  5.  It 
is  remarkable  that  the  mobility  at  a  electron 
concentration  of  lowers  ^  is  as  high  as  5800 
cm2V'1s'1.  In  case  of  rapid  thermal  annealing 
at  800  °C  and  900  °C  the  activation  is  reduced 
to  458  and  368,  respectively.  The  decrease  o 
activation  with  increasing  anneal  temperature 
is  only  observed  for  the  low  dose  implantation 
in  OMVPE  grown  layers. 

The  carrier  concentration  profile  caused  by 
long  time  furnace  annealing  (700  °C,  30  min.  , 
Si02  cap)  is  shown  in  Figure  6.  An  anomalous 
high  carrier  concentration  is  obtained  for  the 


depth  /  pm 


FIGURE  4 

Carrier  concentration  profile  of  a  low  dose  Si 
implanted  sample,  obtained  by  selective  Hall 
measurement. 


depth  /  pm - a«- 

FIGURE  5 

i  Mobility  profile  corresponding  to  figure  4. 

surface  region.  This  can  be  caused  by  Si  indlf- 
fuslon  or  stress  induced  donor  like  defects  due 
to  annealing  with  Si02  cap  (4) . 

Optical  quality  of  the  low  do  -  Si  implanta¬ 
tion  has  be>  n  investigated  by  PL.  Typical  2  K 
PL  spectra  of  LPE  grown  Si  implanted  CalnAs 
layer  excited  by  the  647,1  nm  line  of  a  Krypton 
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4.  CONCLUSION 


depth /pm 


FIGURE  6 

Carrier  concentration  profile  resulting  from  a 
long  tine  furnace  annealing  (700  °C,  30  ain  ). 

laser  are  shown  in  Figure  7.  The  excitation 
level  for  all  curves  is  0.6  V/cm’^.  Line  A  is 
correlated  to  the  exciton  bound  to  a  neutral 
donator  (D°,X)  and  to  the  free  exciton  emission 
(X) .  Line  B  is  attributed  to  a  donator -acceptor 
(D,A)  transition! 5]  .  After  rapid  annealing  at 
700  °C  the  Integral  PL  yield  is  comparable 
with  the  yield  from  the  as  grown  sample.  Higher 
annealing  temperatures  lead  to  a  further  in¬ 
crease  of  the  PL  intensity. 


FIGURE  7 

PL  spectra  of  a  as  grown  sample  and  an  implan¬ 
ted  sample  before  and  after  rapid  annealing. 


Doping  levels  of  101  cm  can  be  achieved  by 
Si  Implantation  and  rapid  thermal  annealing. 
For  an  implantation  dose  of  2*10  ^ci'2  and 
rapid  thermal  annealing  at  900  °C  activation  of 
69  %  with  a  sheet  resistance  of  20  0  is  found. 
The  activation  of  high  dose  implantation  is 
about  10  %  lower  in  OMVPE  grown  layers  than  in 
LPE  grown  samples.  Rapid  thermal  annealing  and 
furnace  annealing  lead  to  comparable  activation 
efficiency  and  Hall  mobility  data.  A  broade¬ 
ning  of  carrier  concentration  profile  during 
furnace  annealing  at  700  °C,  30  min.  is  ob¬ 
served.  Rapid  thermal  annealing  between  700  °C 
and  900  °C  leads  to  no  measurable  change  in  Si 
profile. 

In  case  of  low  dose  Si  implantation  in  OMVPE 
grown  layers  highest  activation  (65  t)  is- 
achieved  for  rapid  thermal  annealing  at  700  °C. 
It  is  remarkable  that  the  mobility  at  a  doping 
concentration  of  1017  cs’2  is  as  high  as  5800 

O  1  .1 

cm  V  s  .  For  low  dose  Si  implantation  in  LPE 
grown  layers  the  activation  is  100  t  after 
rapid  annealing  at  800°C. 
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ABSTRACT 

In  this  article  we  will  illustrate,  in  terns  of  yield-performance  considerations,  how 
for  conventional  annealing  techniques  the  doped  LEC  materials  (i.e.  lightly  Cr  or  In-doped) 
prove  to  be  better  than  the  undoped  material,  priaarly  because  of  the  higher  yield  capabi¬ 
lity,  and  that  before  full  advantage  can  be  taken  from  the  potentially  better  undoped  mate¬ 
rial  then  either  an  improved  annealing  technique  and/or  ingot  annealed  material  must  be 
considered. 


INTRODUCTION 

GaAs  integrated  circuits  are  attracting  much 
attention  due  to  their  high  speed  and  high  fre¬ 
quency  capabilities.  Recent  progress  in  these 
IC's  has  mainly  been  attributed  to  the  advance 
of  direct  ion-inplantation  into  semi-insulating 
bulk  GaAs  and  the  corresponding  post-implant  an¬ 
neal.  Althougth  the  ion  indentation  technique 
has  a  high  potential  for  realising  uniform  and 
reproducible  active  layers,  said  property  is  in 
part  invalidated  by  the  fact  that  not  all  GaAs 
substrates  are  equally  uniform  and  furthermore 
they  behave  differently  with  post  implant  anneal¬ 
ing  and  this  often  results  in  poor  overall  yields 
of  IC's  which  do  not  respond  to  the  specified 
performance  limits.  Because  from  the  point  of 
view  of  production  yield  the  on  wafer  radial  va¬ 
riations  tend  to  present  the  biggest  problems, 
in  this  work  we  have  investigated  how  such  va¬ 
riations  can  differ  from  one  type  of  semi-insu¬ 
lating  material  to  another  on  the  basis  of  an  e- 
vmluation  which  takes  into  account  the  devices 
specified  electrical  performance  and  yield. 

In  fact  by  means  of  electrical  parameter  map¬ 


ping  of  arrays  of  field  effect  transistors  fa¬ 
bricated  on  Liquid  Encapsulated  Czochralsky  (LEC) 
grown  semi— insulating  GaAs,  we  illustrate,  in 
reasonable  agreement  with  other  published  work 
(1-3),  how  the  on  wafer  active  layer  uniformity 
is  strongly  dependent  of  substrate  material  used, 
and  furthermore  how  said  uniformity  can  vary  both 
radially  on  a  wafer  and  longitudinally  along  the 
ingot  from  seed  to  tail-end.  In  particular  we 
will  illustrate,  in  terms  of  yield  performance 
considerations,  how  for  conventional  annealing 
techniques  the  doped  LEC  materials  (i.e.  lightly 
Cr  or  In-doped)  prove  to  be  better  than  the  un¬ 
doped  material,  primarily  because  of  the  higher 
yield  capability,  and  that  before  full  advanta¬ 
ge  can  be  taken  of  the  potentially  better  undo¬ 
ped  material  then  either  improved  annealing  te¬ 
chniques  or  ingot  annealed  material  must  be  con¬ 
sidered. 

EXPERIMENTAL. 

The  material  studied  in  this  work  includes 
five  different  types  of  S.I.  GaAs  substrates 
grown  by  the  LEC  technique:  that  la,  undoped. 


SI 


Fig.l  -  On  wafer  activation  unifomity  naps  and  IqSS  histograms  for  different  LEC  substrates  after 
conventional  furnace  anneal:  a)  Cr-doped,  b)  undoped,  and  c)  undoped  ingot  annealed. 

*  Iaplant  dose  lxlO13  60  keV  +  6X1012  150  keV. 


13  12 

undoped  ingot  annealed,  Cr/0  doped,  In-doped  and  ae  of  1x10  at  40  keV  and  5x10  at  120  keV,  ty- 

Cr/0  doped  with  buffer  layer.  Said  material  was  plcal  for  our  medium  to  low-noise  NKSFKT  devices, 

qualified  by  our  standard  "in-houae"  procedure  has  been  utilised.  Said  iaplant  dose  has  been 

to  evaluate  its  properties  (4) .  In  particular  prefered  for  this  study  because  it  is  sufficien- 


the  thermal  stability  of  tile  material  (i.e.  re¬ 
sistance  to  surface  conversion),  after  treatment 
with  the  "in-house"  capping  and  annealing  proce¬ 
dure  and  the  activation  efficiency  and  on  wafer 
uniformity,  after  ion-implantation  are  evaluated. 

Post-implant  annealing  of  the  substrates  was 
carried  out  in  the  presence  of  a  Silicon  Nitride 
cap  deposited  by  a  reactive  sputter  deposition 
technique,  and  controlled  to  satisfy  the  "no¬ 
conversion"  (5)  criterion.  The  annealing  cycles 
investigated  include  a  standard  furnace  anneal 
at  820*C  for  15  ainutes  in  a  nitrogen  gas  ambient 
and  a  modified  technique  which  minimises  the  pre¬ 
sence  of  thermal  gradients  across  and  througth 
the  OsAa  substrates  during  annealing. 

29  + 

For  this  study  ws  have  use'*  a  standard  Si 
1  apian tatlon  to  obtain  the  selectively  doped  ac¬ 
tive  layers;  in  particular  a  double  iaplant  do- 


tly  low,  (i.e.  in  the  linear  part  of  the  activa¬ 
tion  versus  iaplant  dose  characteristic)  (6)  to 
ensure  reasonable  sensitivity  to  on  wafer  acti¬ 
vation  uniformity  variations,  avoiding  the  pro¬ 
blems  of  doping  impurity  saturation  threshold 

typical  for  implant  doses  greater  than 

,.13  -2 
2x10  ca  . 

The  on  wafer  activation  uniformity  was  stu¬ 
died  v»  of  arrays  of  NKSFKT  ohmic  contacts 

fabricated  on  the  selectively  doped  S.I.  GaAs 
substrates  (2),  with  corresponding  measurement 
of  device  source-drain  saturation  current  I 

DSS 

(300 yua  wide  devices)  uniformily  distributed  on 
the  2  inch  wafer.  After  this  first  characteri¬ 
sation  we  than  preceded  to  complete  the  NKSFKT 'a 
by  the  conventional  recessed  gate  technology  and 
finally  we  evaluate  their  electrical  performance 
by  suitable  d.c.  and  r.f.  measurements. 
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fig- 2  -  On  wafer  activation  unifor- 
aity  aapa  and  Ipgg  histograms  for 
the  a)  undoped,  and  b)  undoped 
ingot  annealed  substrate  after  mo- 
dified  annealing  conditions. 


RESULTS. 

From  typical  ,  naps  obtained  for  the  dif- 
DSS 

ferent  substrates  after  conventional  furnace  an¬ 
nealing,  soae  interesting  aspects  of  on  wafer  ac¬ 
tivation  efficiency  and  uniformity  are  ianedia- 
tely  apparent. 

As  shown  in  fig. la  for  the  doped  LEC  material 
(Cr  doped  in  this  case)  the  sheet  carrier  concen¬ 
tration  is  fairly  uniform  over  the  entire  wafer 

with  mean  I _  standard  deviation  bettern  than 

DSS 

+  3%  irrespective  of  the  wafer  position  in  the 

ingot.  However  for  this  material  the  absolute 

mean  I _  value  (and  thus  activation  efficiency) 

DSS 

is  found  to  decrease  appreciable,  by  as  50%,  in 
going  from  seed  to  tail  end  wafer. 

As  shown  in  fig. lb  for  the  undoped  LEC  mate¬ 
rial  a  radial  four-fold  activation  ayasietry  is 
obtained,  similar  to  the  maps  of  residual  stress, 
dislocation  and  EL2  levels  observed  by  near  in¬ 
frared  transmittance  (7),  with  a  correspondingly 
poor  on  wafer  activation  uniformity.  In  fact 

for  this  material  the  mean  I _  standard  devla- 

DSS 

tion  was  found  to  be  in  the  beat  case  (centre  of 
ingot)  +  8X  and  in  the  worst  case  (tall  end  wafer) 


+17%.  Furthermore  for  this  material  the  absolu¬ 
te  mean  I  value  is  unexpectedly  found  to  de- 
DSS 

crease  by  as  much  as  30%  in  going  from  seed  to 
tail  end  wafer. 

For  the  undoped  ingot  annealed  material ,  un¬ 
expectedly  large  differences  in  activation  uni¬ 
formity  have  been  observed  in  going  from  seed  to 
tail  end  wafer.  In  particular  we  have  observed 

that  even  thougth  the  absolute  mean  I _  value 

DSS 

is  unchanged  from  seed  to  tail  end  wafer  the  cor¬ 
responding  standard  deviation  in  mean  I  can 

DSS 

be  as  poor  as  +  30%  for  the  seed  end  wafer  and 
as  good  as  3%  for  the  tail  end  wafer  (shown  in 
fig.lc).  This  apparently  anoaolous  behaviour  in 
activation  uniformity  of  undoped  ingot  annealed 
seed-end  wafer  has  been  confirmed  by  similar  re¬ 
sults  obtained  from  other  ingots  from  different 
suppliers. 

Finally  for  the  Cr/0  doped  substrates  with 

buffer  layer  we  observe  only  localised  disonoge- 

..dous  areas,  yielding  typical  mean  1^^  standard 

deviations  better  than  +4%. 

As  might  be  expected  the  above  reported  re¬ 
sults  are  strongly  dependent  on  the  post-implant 
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capping  and  annealing  procedure.  In  fact  aa  il¬ 
lustrated  by  aoae  typical  resulta  presented  in 
fig. 2,  «e  observe  that  by  reducing  aa  euch  as 
possible  the  the real  gradients  generated  across 
and  througth  the  QaAa  substrate  during  annealing 
(particularly  during  cooldown  ),  the  activation 
efficiency  and  in  particular  the  on  wafer  uni¬ 
formity  of  idle  undoped  LEC  material  can  be  in- 
proved  appreciable.  In  fact  as  Bhovn  in  fig. 2a 

the  eean  I _  standard  deviation  for  the  undoped 

OSS 

material  in  this  case  is  always  better  than  +7%, 
with  a  constant  activation  efficiency  througth- 
out  the  ingot,  and  as  shown  in  fig. 2b  for  the 
undoped  ingot  annealed  material  even  thougth  the¬ 
re  is  little  improvement  in  the  mean  value  stan¬ 
dard  deviation  for  the  seed  end  wafer  (remains 
+3X)the  activation  efficiency  is  found  to  incre¬ 
ase  by  as  much  as  30*. 

Preliminary  r.f.  measurements  (i.e.  optimum 

noise  figure  NT  and  maximum  available  gain  G 

max 

at  12  GHz)  of  the  MESFET's  fabricated  with  the 
above  reported  substrates  tend  to  indicate  that 
for  conventional  furnace  annealing  conditions 
there  is  little  or  no  differehce  in  device  per¬ 
formance  with  substrate  material  used.  In  fact 
both  the  Cr-doped  and  undoped  materiel  typically 
give  HT  -  2.3  dB  with  7  dB  and  G  =  lOdB. 

Obviously  in  this  situation  the  Cr-doped  material 
results  in  a  better  yield/performance  evaluation 
aa  a  result  of  its  better  activation  uniformity. 

In  fact  the  potential  of  the  undoped  LEC  material, 
in  terms  of  improved  r.f.  performance  of  the 
MESFET's  was  only  evidant  with  the  improved  an¬ 
nealing  technique.  For  such  a  condition 

NT  »  2.0dB  and  G  a  lldB  have  been  obtained, 

max 

and  this  together  with  the  improved  activation 
uniformity  for  the  undoped  ingot  annealed  mate¬ 
rial  (shown  to  be  as  good  as  +  3*  in  fig, 2b) 


results  in  good  y iel d/performance  evaluation  for 
ion  i ap lan ted  HESFET  devices. 

CONCLUSION. 

In  our  characterisation  of  S.I.  substrates 
we  have  seen  that  by  utilising  a  conventional 
furnace  annealing  technique,  the  yield/perfor- 
mance  evaluation  of  MESTET  devices  fabricated 
on  undoped  LEC  material  ia  surprisingly  inferior 
to  that  obtained  for  doped  material,  primarly 
because  the  undoped  material  gives  a  lower  yield 
of  devices  within  r.f.  specifications.  The  sur¬ 
prising  nature  of  this  result  has  led  us  to  in¬ 
vestigate  in  more  detail  the  post-implant  anneal¬ 
ing  technique  and  as  such  have  found  that  before 
full  advantage  can  be  taken  from  the  potentially 
better  undoped  or  undoped  ingot  annealed  LEC  ma¬ 
terial  then  an  improved  annealing  technique, 
which  minimises  as  much  as  possible  the  presence 
of  thermal  gradients  across  and  througth  the 
GaAs  wafer  during  annealing,  iB  necessary. 
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An  Inaulatad  Gat*  Bipolar  Tran*i*tor  design  baaed  oo  bulk,  silicon  Material 
capable  of  blocking  voltages  In  excess  of  1500V  1*  reported*  The  device 
incorporates  a  detailed  anode  shorting  pattern  whlcc  Inhibits  hole  Injection 
daring  on-state,  end  reduces  turn-off  tines. 


1.  INTRODUCTION 

The  Insulated  Gate  Bipolar  Transistor  ( IGBT) 
conbines  the  low  on-reslstance  of  a 
conductivity  nodulated  device  with  the  ainple 
gate  drive  requirenanta  of  the  power  MOSFST. 
Several  exaaplas  of  this  device  have  been 
reported  [1-4].  These  are  beeed  on  n:p+ 
epitaxial  starting  Material  with  blocking 
voltages  up  to  1200V.  Generally  to  reduce 
turn-off  tine  and  thereby  enhance  the  switching 
speed  soae  fore  of  carrier  llfetln*  control  Is 
required.  In  this  work  we  report  on  IGBT 
devices  capable  of  blocking  voltages  in  excess 
of  1500V. 

2.  DEVICE  DESIGN  AND  FABRICATION 

The  device  design  1*  shown  schenatlcally  In 
Flg.l  with  Its  equivalent  circuit  in  Fig. 2. 

The  starting  Material  Is  100  0  cn  bulk  silicon 
which  la  polished  down  to  a  thickness  of 
approxinetaly  2S0pa.  This  allows  the  blocking 
voltage  to  be  attained  without  excessive 
forward  voltage  drop.  The  top  processing 
follows  conventional  auto-aligned  VDM0S 
schedules  using  s  cellular  aask  design. 

However,  this  processing  is  preceded  by  back  of 
slice  lap lent*  which  produce  an  array  of  p+ 
dot*  In  an  n+  back  contact.  The  doc  else  and 
separation  are  chosen  to  be  anch  snaller  than 
the  slice  thleknae*  allowing  relatively  coarse 
allgnaant  of  the  top  and  bottoa  patterns. 


GATE 


CATHODE 


If 


N- 


FIGUBE  1 

Scheaatic  Device  Structure 

Different  aask  geonetrle*  lead  to  a  variation 
in  the  back  p+  to  n+  area  ratio. 

This  design  than  gives  a  shorted  anode 
structure  which  serves  to  suppress  injection 
during  the  on-state  whilst  additionally 
providing  a  path  for  electrons  during  the 
turn-off  phase. 
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FIGURE  2 

Equivalent  Circuit 

3.  DEVICE  MECHANISM 

In  tha  normal  node  of  operation  a  positive 
voltage  is  applied  to  the  gate  with  respect  to 
the  cathode-  When  the  anode  voltage  increases 
from  ssro  we  see  conduction  of  electron  current 
via  the  lateral  n-channel  FET  and  resistance 
R^g.  This  differs  fro*  the  usual  I-V 
characteristic  of  an  IGBT  which  shows  no 
conduction  until  the  anode  voltage  exceeds 
approximately  0.6V  with  respect  to  the  cathode. 
Injection  will  occur  frow  the  heck  p+  dots  when 
the  voltage  across  hsub  forward  biases  the 
eaitter-base  junction  of  the  pnp  transistor. 
Typically  this  will  occur  with  a  forward 
voltage  of  1.2  to  0.8V  for  p+  dot  densities  of 
70  to  90%.  fig. 3  shows  the  I-V  characteristic 
of  a  device  with  p+  density  of  approximately 
85%  showing  injeetloo  at  a  voltage  just  above 
0.8V.  The  tT  region  now  becomes  nodulated  with 
holes  from  the  p+  anode  dots,  and  electrons 
flowing  through  the  inversion  channel,  lowering 
the  oo-reslecance  of  the  device.  Tha 
resistance  of  the  p-wsll,  t,,  is  minimised  to 
short  out  the  parasitic  npn  transistor  thus 
avoiding  device  latch-up. 


4.  TRANSIENT  RESPONSE 

Device  turn-off  .8  achieved  by  renoving  the 
positive  gate  voltage  which  shuts  off  the 
inversion  channel.  Now  there  is  a  direct 
extraction  path  for  electrons  at  the  anode  and 
device  turn-off  is  greatly  enhanced.  Current 
and  voltage  waveforms  under  resistive  and 
inductive  loads  (Figures  4  and  5),  show  a 
storage  tine  of  approxiastely  200ns,  then  a 
rapid  fall  of  about  50ns  followed  by  a  low 
level  current  tall  of  approxlnateiy  l*5us. 


FIGURE  4 

Anode  Current  and  Voltage  Waveforms  with  a 
Resistive  Load 

(O.SA/dlv,  5V/div,  500ns/div) 
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5.  CONCLUSION 

A  comp remit*  between  forward  voltage  and 
turn-off  loaaoa  wuat  alwaya  be  aade  with  a 
device  In  the  1GBT  faally.  Previously  reported 
method*  of  controlling  the  electron-hole  plaaaa 
have  consisted  of  lifetime  reduction  and  a+ 
buffer  layer*' 

In  the  aborted  anode  device  we  have  another 
very  alaple  control  aethod,  namely  the 
variation  In  the  degree  of  n+  anode  ahort .  The 
level  of  Injected  plaaaa  aay  he  decraaaed 
aiaply  by  deaignlng  in  a  greater  percentage  of 
n+  ahort.  Pig. 6  ahowa  the  change  In  device  on 
realatance  with  different  p+  aaounta.  Thla 
variation  In  p+  to  n+  area  leada  to  a  trade-off 
curve  between  on-realatance  and  turn-off  loan. 
Pig. 7. 


77.0  82.0  87.0  92.0 

P+  density  (X) 

FIGURE  6 

Variation  In  On-Lo**es  with  p+  Denaity 


10.0  15.0  20.0 

Turn-off  Lone  (pj) 


PICOBK  7 

On  Realatance/Turn-off  Loaa  Trade-off  Curve 
for  a  Raalatlve  Load 
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P.Spirito,  6. Vital* 

Dept . Ingegner ie  Elettronica  University  of  Napoli,  via  Claudio  21, 

80125  Hapoli  -  Italy 

G.Busatto 

IRECE  -  CNR,  via  Claudio  21,  80125  Napoli  -  Italy 
G. Faria,  S.Musumeci 

S.G.S.  Microalettronica  S.p.A. ,  stradala  Primosole  50, 

95121  Catania  -  Italy 

The  design,  the  fabrication  and  the  characterization  of  a  BHFET  (Bipolar  Mode 
FET)  with  a  maximum  voltage  of  1600  V  and  maximum  current  of  5  A  (at  hpg  «  2.5) 
are  reported.  With  the  help  of  theoretical  models,  the  effects  of  physical  and 
geometrical  parameters  on  the  performance  of  the  device  are  investigated  and  the 
rules  to  be  used  in  the  design  are  defined.  The  switching  characteristics  of  the 
fabricated  devices  show  that  the  BHFET  gives  full  Reverse  Safe  Operating  Area  and 
fall' time  down  to  30  ns  on  inductive  load. 


1.  INTRODUCTION 

The  modem  families  of  power  devices,  used 
in  switching  applications,  are  designed  with 
the  goal  of  reducing  power  losses  and 
improving  reliability.  As  a  consequence  new 
structures,  which  overcame  the  drawbacks 
related  to  power  HOSFET's  and  Bipolar  Junction 
Transistor  (BJT),  have  been  developed.  In 
fact,  while  power  HOSFET's  show  better 
performances  in  term  of  switching  times.  Safe 
Operating  Areas  and  ease  of  drive  as  compared 
with  BJT' a,  they  introduce  a  larger  on 
resistance  than  the  BJT.  In  recent  years 
devices  like  C0MFBT  or  IGT  [1]  have  been 
introduced  that  combine  M0SFET  operation  with 
BJT  operation. 

The  BHFET  too  can  be  considered  as  a 
composed  device  in  which  a  power  JFET  is 
combined  with  bipolar  operation,  the  latter 
being  obtained  by  forward  biasing  the  gate 
Junction.  With  proper  design,  the  BHFET  can  be 
fabricated  as  a  "normally-off"  device  in  which 
no  gat*  reverse  bias  is  needed  to  ensure  the 
channel  pinch-off  up  to  the  maximum  drain 
voltages  (2,3]. 

In  this  paper  it  is  reported  the  design  and 
the  realization  of  a  BHFET  with  a  1600  V 
sustaining  voltage,  designed  to  be  used  in  TV 
applications.  Figure  1  exhibit*  the  schematic 


Schematic  of  the  elementary  cell  of  the  BHFET. 

of  the  elementary  cell  showing  that  it 
consists  of  a  thin  N+  stripe  region  (source) 
surrounded  by  a  deep  P+  ring  region  (gate).  In 
order  to  obtain  a  normally-off  operation  at 
high  voltages  with  a  reasonable  geometry  of 
the  channel  the  device  has  been  realized  on  a 
very  low-doped  (>200  Ohm* cm)  epilayer  120  urn 
thick.  The  required  current  is  obtained  by 
paralleling  about  1000  elementary  cells  over  a 
chip  area  of  200*200  mils2.  A  triple  guard 
ring  structure  ensures  the  proper  high  voltage 
termination  at  the  periphery  of  the  device. 

A  picture  of  the  complete  device  before 
bonding  and  packaging  is  displayed  in  figure  2 


The  work  was  supported  by  Italian  National  Research  Council  under  the  program:  "Material!  e 
Diaposltivi  per  l'Blettronica  a  Stato  Solido". 
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that  a  hows  how  the  large  number  of  saull  colls 
requires  the  use  of  a  planar  LSI  technology. 

In  tha  following  sections  the  design  of  tha 
device  will  be  described  showing  how  tha 
geoaetry  of  the  elementary  call  and  the  doping 


FIGURE  2 

Picture  of  a  1600  V  5  A  BMFET  on  wafer. 

of  the  epilayer  can  be  determined  in  order  to 
satisfy  the  voltage  requirements.  The  role  of 
the  carrier  transport  parameters  in  defining 
the  on  characteristics  will  also  be 
investigated.  Then  the  switching  behavior  will 
be  presented  and  compared  with  a  BJT  of 
similar  ratings. 

2.  STATIC  BEHAVIOR 

2.1  The  off-state 

In  the  off  state,  the  potential  barrier, 
present  along  the  channel  between  the  gate 
diffusion,  prevents  the  flow  of  the  current  in 
the  source-gate  circuit.  If  the  doping  of  the 
epilayer  is  sufficiently  low  and  the  geoaetry 
of  the  elementary  cell  is  well  dimensioned, 
the  simple  built  in  potential  if  .  PN  gate 
junction  is  enough  to  obtain  a  bat. tier  higher 
then  -0.3  V,  needed  to  originate  a  drain 
current  less  than  10  pa  [4]. 

As  shown  in  figure  1,  because  of  the 
cylindrical  shape  of  the  gate  diffusion,  the 
width  of  the  channel  results  variable  along 
the  vertical  direction  thus  generating  a 
strongly  two-dimensional  potential 

distribution.  The  design  of  the  channel 
geoaetry  has  been  carried  out  by  using  a  two- 
dimensional  analytical  modal  [3,4],  in  which 
the  gates  are  considered  squared  and  a 
corrective  factor  has  been  used  to  determine 
the  effective  length  of  the  channel.  The  use 
of  this  model  simplifies  the  design  of  the 
device  and  is  sufficiently  accurate  for  design 
purposes  without  the  need  of  a  large 
calculation  times  required  by  a  numerical 


accurate  two-dimensional  program.  The  results 
are  reported  in  figure  3  where,  for  fixed 
epilayer  doping  (Kept  *  i*iol3)  and  channel 
width  (a  «  2  pm),  the  sustaining  voltage  is 
plotted  as  a  function  of  the  channel  length 
for  various  values  of  the  epilayer  thickness. 
It  is  interesting  to  note  that  the  blocking 
voltage  increases  with  the  increase  of  the 
channel  length  and  it  is  limited  by  the 


FIGURE  3 

Blocking  Voltage  of  BMFET  as  a  function  of 
channel  length  for  various  epilayer  thicknesses. 

breakdown  of  the  gate-drain  junction.  Hence, 
once  the  epilayer  thickness  has  been  selected 
for  the  maximum  voltage  to  be  sustained,  the 
length  L  of  the  channel  is  chosen  in  the  flat 
zone  of  the  curve  as  close  as  possible  to  its 
edge  in  order  to  get  free  from  the  larger 
sensitivity  introduced  by  the  channel  length. 

By  using  a  complete  two-dimensional  simulation, 
a  final  check  of  the  design  was  made.  Its 
results  are  not  reported  for  brevity  but  they 
show  that  the  potential  distribution  has  a 
peak  higher  than  -.3  V  up  to  a  drain  voltage 
of  1600  V. 

2.2  On  state 

The  current  amplification  of  the  BMFET  is  a 
consequence  of  two  different  phenomenal  the 
modulation  of  the  potential  barrier  into  the 
channel  and  the  conductivity  modulation  effect 
into  the  epilayer,  both  due  to  the  forward 
biasing  of  tha  gate.  Modulation  of  the 
potential  barrier  takes  place  in  the  range  of 
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low  gat*  bias  and  low  drain  currant*  and 
result*  In  a  currant  gain  which  Increases  with 
the  gate  current.  Conductivity  modulation 
effect  takes  place  in  the  range  of  high 
currents,  thus  determining  the  esrlmue 
operating  current  of  the  device.  This  effect 
is  related  to  the  injection  of  minority 
carriers  from  the  gate  region  and  to  the 
correspondent  accumulation  at  the  NN+  source 
transition.  As  a  consequence,  a  plana  region 
is  originated  in  the  epilayer  below  gate  and 
source.  The  following  equation  [S],  expresses 
the  current  gain  hy§  in  the  range  of  high 
current  densities: 


*>FS 


4  *1  On  aD 


(As-Ss/Hd  +  Ag-Sg/Nd)  Id  *2 


(1) 


where:  Dj,  is  the  diffusion  constant  of  the 
electrons  in  the  epilayer,  w  is  the  epilayer 
thickness.  Id  is  the  drain  current,  Ad  is  the 
drain  area,  Ag  (A<j)  are  the  source  (gate) 
areas,  Sg  (S q)  are  the  recombination 
velocities  of  the  source  (gate)  layer, 
defined,  according  to  (6],  as: 
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where:  Wg  (WG)  is  the  source  (gate)  thickness, 
°ps  (Ong)  ate  the  source  (gate)  diffusion 
coefficient,  Lpa  (Lng)  are  the  source  (gate) 
diffusion  length,  Nds  (Nag)  ia  th®  source 
(gate)  doping,  AVg  ( AVg)  account  for  the 
effects  of  band  gap  narrowing  due  to  the  high 
doping  of  the  source  (gate)  layers. 

These  expressions  for  Sg  and  Sg  have  bean 
obtained  for  the  case  of  high  injection,  then 
the  contribution  dua  to  the  space  charge 
region  [7]  has  been  neglected. 

Observing  the  equation  (1),  it  is  important 
to  note  that  hpg  is  inversely  proportional  to 
Sg  and  Sq.  Moreover,  the  effect  of  the  source 
recombination  is  much  smaller  than  that  of  the 
gate  recombination  because  the  source  area  is 
smaller  than  the  gate  area  in  order  to  satisfy 
the  design  requests  for  the  off  state.  As  a 
consequence,  the  doping  parameters  of  the  gate 
region  can  be  determined  in  order  to  optimise 
the  current  gain  of  the  device.  By  using 
equation  (2b),  a  plot  of  the  gate 


recombination  velocity,  Sq,  as  a  function  of 
the  gate  doping  for  an  epilayer  doping  of 
1013,  has  been  determined  and  reported  in 
figure  4.  The  plot  shows  a  minimum  for  Sq 


FIGURE  4 

Electron  recombination  velocity  in  the  gate  as 
a  function  of  the  gate  doping. 

at  a  gate  doping  of  6- 10*®.  Moreover  the 
curve  is  quite  flat  near  the  minimum  thus  a 
very  small  sensitivity  has  to  be  expected  due 
to  the  gate  doping  on  the  hpg. 

3.  Switching  behavior 

The  BMFET  has  the  possibility  to  assist  the 
turn  off  with  the  extraction  of  minority 
carrier  from  the  gate  junction,  by  reverse 
biasing  the  gate  terminal.  As  a  consequence 
the  BMFET  is  much  faster  than  the  MOS-gated 
bipolar  devices  in  which  the  reduction  of  the 
minority  carrier  stored  in  the  epilayer  is 
left  only  to  the  internal  recombination. 

As  compared  to  the  BJT,  the  BMFET  is  faster 
as  shown  in  figure  5  where  the  a  plot  of  the 


Fall  time  for  switching  on  inductive  load  of 
BMFET  compared  with  BJT,  as  a  function  of  the 
output  current. 
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fall  tine  is  reported  as  a  function  of  the 
drain  current  .  The  figure  refers  to  the  fail 
tine  observed  during  switching  on  inductive 
load  for  both  a  BJT  and  a  BMFET  with  same 
characteristics.  In  the  whole  range  of  drain 
current  the  BMFET  exhibits  a  fall  time  one 
order  of  magnitude  lower  than  that  of  the  BJT 
with  a  minimum  value  of  30  ns  observed  at  the 
maximum  drain  current. 

The  reasons  are  related  to  the  fact  that, 
when  turned  off,  the  BMFET  ends  in  a  situation 
in  which  the  current  flow  is  controlled  by  a 
potential  barrier  in  the  channel.  That  means 
that  after  an  initial  bipolar  transient, 
during  which  the  excess  of  minority  carriers 
is  swept  out  through  the  gate,  a  second  phase 
takes  place  which  is  essentially  unipolar  and 
controlled  by  gate-emitter  and  the  gate-drain 
capacitances.  During  this  latter  part  of  the 
transient,  the  switching  of  the  BMFET  is 
similar  to  that  of  a  MOS  device  and  hence  very 
fast.  The  incidence  of  this  latter  portion  is 
dependent  on  the  load,  in  particular  for 
switching  on  inductive  load,  in  which  the 
drain  current  is  initially  constant  and  the 
voltage  varies  slowly,  the  bipolar  transient 
ends  before  the  fall-off  of  the  current  that 
consequently  goes  down  during  the  unipolar 
transient  thus  being  very  fast.  Moreover  also 
the  bipolar  transient  of  the  BMFET  is  faster 
than  the  BJT  because  of  the  absence  of  any 
distributed  base  resistance  that  limits  the 
extraction  of  minority  carriers  in  BJT. 
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FIGURE  6 

Reverse  Safe  Operating  Area  of  the  BMFET 
compared  with  BJT. 

The  comparison  between  BJT  and  BMFET  is 
favorable  to  the  latter  also  with  regard  to 
the  reverse  safe  operating  area,  as  shown  in 
figure  6.  In  fact,  while  the  sustained  voltage 
of  the  BJT  reduces,  at  high  current,  to  about 


one  half  of  the  maximum  voltage,  the  BMFET 
sustains  the  maximum  voltage  up  to  the  maximum 
current.  The  reason  of  such  a  behavior  is 
that,  for  the  BMFET,  the  gates  are  disposed 
laterally  to  the  conduction  channel,  so  there 
is  not  the  feedback  effect  which  limits  the 
maximum  voltage  of  the  BJT.  On  the  other  hand 
no  emitter  crowding  effects  take  place  and 
consequently  second  breakdown,  due  to  the 
nonuniformity  of  the  current,  is  not  observed. 

4.  Conclusion 

The  paper  has  explained  how  the  design  of  a 
BMFET  with  prescribed  on  and  off 
characteristics  can  be  performed  on  the  basis 
of  simple  but  accurate  analytical  models. 
Moreover  it  has  been  demonstrated  that  a  BMFET 
with  sustaining  Voltage  up  to  1600  V  can  be 
realized  and  the  full  voltage  can  be  sustained 
without  reverse  biasing  of  the  gate.  The 
devices  fabricated  fit  very  well  with  the 
theoretical  predictions  with  regard  to  both 
the  off  and  on  performances. 

Moreover  the  switching  characteristics  of 
the  fabricated  devices  are  reported,  showing 
that  because  of  the  structure  of  the  device 
the  BMFET  is  substantially  faster  than  the  BJT 
and  the  fall  time  is  comparable  with  that  of 
power  MOSFET . 

Finally,  the  paper  shows  that  the  BMFET 
exhibits  a  full  reverse  Safe  Operating  Area 
allowing  the  sustaining  of  the  maximum  voltage 
up  to  the  maximum  current. 
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MODELLING  BIPOLAR  TRANSISTOR  SECOND  BREAKDOWN  DURING  TURN-OPP  BI  SOLUTION  OP 
THE  FUNDAMENTAL  DEVICE  EQUATIONS 
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Philip*  Research  Laboratories,  Redhill,  Surrey,  U.K. 


Nuaericai  simulations  have  been  made  of  the  turn-off  of  two-dimensional  power  bipolar 
transistor  structures,  under  inductive  loading,  by  alternate  solution  of  the  fundamental 
device  equations  and  the  circuit  equations  at  each  time  step.  The  results  have  shown  that 
current  spreading  reduces  the  magnitude  of  the  electric  field  in  the  collector  produced  by 
the  space  charge  of  mobile  electrons,  so  leading  to  Improved  reverse  bias  second  breakdown 
performance.  Removal  of  the  central  portion  of  the  emitter  effectively  Increases  the 
current  spreading  and  gives  a  further  reduction  in  the  space  charge  Induced  field. 


During  the  turn-off  of  a  power  bipolar 
transistor,  under  inductive  loading,  high 
current  densities  occur  in  the  transistor  as 
conduction  is  squeezed  towards  the  centre  of 
the  emitter.  The  large  current  densities  can 
cause  a  space  charge  of  electrons  to  sppear  in 
the  lightly  doped  collector  (assuming  an  n-p-n 
transistor)  where  a  high  electric  field  and 
avalanche  generation  of  carriers  can  result, 
leading  to  second  breakdown  [1-2],  This  effect 
limits  the  Reverse  Bias  Safe  Operating  Area 
( RBSOAR)  of  the  transistors  and  has  proved 
difficult  to  model  accurately  in  the  past  by 
effectively  one-dimensional  methods.  To  model 
current  squeezing,  the  two-dimensional,  time 
dependent  distribution  of  carriers  and 
potential  in  the  device  must,  as  a  minimum, 
be  considered. 

He  have  modelled  the  turn-off  of  a  typical 
power  switching  bipolar  transistor  under 
inductive  loading,  taking  into  account 
two-dimensional  effects,  A  cross  section 
of  the  device  normal  to  the  emitter  finger 
diffusion  pattern  la  shown  in  figure  (1)  and 
the  circuit  is  shown  in  figure  (2). 


Emitter  Base 


Collector 

FIG,  1,  Cross  section  of  modelled  transistor 


19  06  ft 


V2  ■  linear  romp  from  IV  to  OV 
for  0<  t  <  200 ns 
■  OV  for  t  >  200ns 


FIG,  2.  Inductive  switching  circuit 
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Ha  hava  modelled  thia  two-dimensional 
translator  (1  ca  in  langth)  saaualng,  by 
ayaatry  and  uniform  conduction  ovar  the 
fingers,  that  this  raprasants  the  whole 
transistor.  The  Internal  dlatrlbutlona  of 
carrlara  and  potential  are  found  by  solving 
the  two-dlmens lonal,  tlaa  dependent,  transport 
and  continuity  equations  for  electrona  and 
holes,  and  Poisson's  equation,  on  a  rectangular 
mesh,  by  Newton's  method.  Alternate  solutions 
of  these  equations  and  the  collector  circuit 
equation  leads  to  collector  current  and  voltage 
values  which  at  each  time  step  satisfy  the 
collector  circuit  equation.  Time  integration 
accuracy  is  checked  by  comparing  the  results 
from  a  time  step  with  that  from  two  time  steps 
of  half  the  size;  If  the  accuracy  criterion  is 
not  met  the  solution  is  recalculated  with  a 
reduced  time  step  [3] . 

In  the  simulations  the  transistor  was 
turned-off  by  reducing  the  hase-aaitter  voltage 
from  Its  on-state  value  of  1  volt  to  0  volts. 

In  a  linear  ramp,  over  a  time  period  of  200na. 
The  computed  base  current,  collector  current, 
and  collector  voltage  are  shown  in  figure  (3), 
where  It  can  be  seen  that  It  has  been  possible 
to  model  the  device  at  collector  voltages 
greater  than  lkV,  with  dV/dt  values  of 
—lOkV/us,  during  turn-off. 
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FIG.  3(b).  Collector  current  during  swltch-off 
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FIG.  3(c)  Collector  voltage  during  swltch-off 

The  variation  of  the  current  distribution, 
during  the  switch-off  process  Is  Illustrated  in 
figure  (4).  The  laet  graph  In  the  sequence 
shows  the  final  extent  of  the  current  crowding 
towards  the  centre  of  the  emitter  and  the 
spreading  out  of  the  current  as  It  passes 
across  the  collector.  The  final  distribution 
of  the  electron  density  and  electric  field,  at 
t>2.8  us,  Vce*1070  Volts,  la  given  in  figure (5) 


FIG.  3(a).  Bass  Current  during  Swltch-off 
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field  under  the  centre  of  the  (sitter,  eeueed 
by  the  epece  charge  of  electrons,  doea  not 
reach  a  value  which  will  cauae  a  algnlflcant 
aultlpllcatlon  of  carrlera,  even  at  Vce-lkV. 

Ha  have  also  Modelled  a  two— d leans Iona 1 
structure  which  differs  froa  the  previous 
structure  In  that  the  central  half  of  the 
ealtter  diffusion  has  been  masked  out,  and 
which  we  shall  refer  to  as  a  hollow  aaltter 
structure.  Starting  froa  the  saae  on-state 
conditions,  we  have  turned  this  device  off 
with  the  saae  base  drive.  Figure  (6)  shows  the 
current  spreading  and  figure  (7)  Illustrates 
the  electric  field  distribution  at  t-2.27  us, 
Vce**650V.  We  find  that  the  effective  offset  of 
the  ealtter  produces  a  greater  current 
spreading  coapared  with  the  structure  discussed 
previously,  the  effect  of  which  Is  to  reduce 
the  space  charge  and  the  peak  field  In  the 
lightly  doped  collector  for  a  given  collector 
voltage. 


FIG.  6.  Current  spreading  in  hollow  ealtter 
structure  at  t-2.27  ys,  IC-1.8A, 
Vce-650V 


FIG.  7.  Electric  field  in  hollow  emitter 
structures  at  t-2.27  us,  IC-1.8A, 
Vce-650V 

In  figure  (8),  we  show  the  peak  electric 
field  in  the  space  charge  region  at  a  given 
collector  voltage  for  both  the  solid  emitter 
structure  discussed  previously  and  the  hollow 
emitter  structure.  These  results  suggest  that 
bipolar  transistors  with  hollow  emitters  will 
have  superior  reverse  bias  second  breakdown 
performance. 
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F  ■  5  Comparison  of  solid  and  hollow  emitter 

structures 

In  conclusion,  the  simulations  In  two- 
diasnsions  of  these  bipolar  transistor 
structures  show  that  they  have  good  second 
breakdown  properties  during  turn-off  and  that 
there  are  advantages  to  be  gained  froa  changing 
the  saltter  structure. 
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Processing,  design,  and  characterization  issues  are  discussed  for  advanced  field-effect  (FET)  and 
bipolar  transistors.  Results  are  presented  from  work  on  N-channel  FET’s  with  gate  lengths  below 
0.1  pm,  and  on  the  role  that  polysilicon  emitter  contacts  play  in  high  current,  high  speed  bipolar 
devices.  For  FET’s  over  750mS/mm  transconductance  was  achieved  at  liquid  nitrogen 
temperature  operation.  In  the  case  of  bipolar  devices  it  was  found  that  maximizing  the  gain 
enhancement  derived  from  the  polycrystalline/single-crystal  interface  without  regard  to  resistive 
effects  does  not  lead  to  the  highest  performance  in  submicron  transistors.  Based  on  previous 
experience  and  on  our  recent  work,  we  believe  that  silicon  technology  faces  no  insurmountable 
obstacles  as  it  progresses  into  the  deeply  submicron  regime. 


1.  INTRODUCTION 

Silicon  bipolar  and  field  effect  transistors,  FET's,  can 
look  back  to  an  extremely  successful  three  decades.  By  now, 
if  we  judge  by  the  expended  research  and  development 
efforts,  silicon  technology  must  be  one  of  the  most  mature 
ones  in  existence.  Because  of  this  it  is  often  assumed  that 
it  ran  its  course,  and  efforts  in  the  direction  of  performance 
or  density  improvements  give  ever  diminishing  returns.  In 
reality  silicon  technology  marches  forward  in  a  relentless 
fashion.  Minimum  dimensions,  typically  characterized  by 
gate  length  in  FET's  and  base  width  in  bipolars,  are 
continually  shrinking.  Although  the  rapid  device 
performance  improvements  of  the  1960’s  slowed 
significantly  by  the  1970’s,  integration  levels  and  system 
performance  continue  to  improve.  Still,  questions  are  being 
raised  regarding  the  limits  of  continually  scaling  down 
dimensions.  In  this  paper  we  concentrate  on  specific  design, 
processing  and  characterization  issues  encountered  as  a 
result  of  shrinking  dimensions.  For  FET’s  we  do  this  in  the 
light  of  a  recent  effort  in  our  laboratory  to  investigate  the 
feasibility  of  a  self-aligned  FET  technology  in  the  0.1  pm 
gate  length  regime.  In  the  case  of  bipolars  we  concentrate 
on  the  specific  issue  of  resistance  due  to  polysilicon  emitter 


contacts,  an  unanticipated  problem  that  arose  as  a 
consequence  of  decreasing  dimensions.  Finally,  we’U  briefly 
comment  on  a  few  selected  topics. 

2.  SMALL  FET’s 

2.1.  Work  in  the  submicron  environment 

Those  who  enter  the  world  of  deeply  submicron  FET 
devices  have  mainly  bad  news  to  contend  with.  Classical 
FET  scaling  [1]  runs  into  a  variety  of  nonscaling  parameters 
and  associated  detrimental  effects.  Among  others,  these 
include  mobility  degradation,  [2]  inversion-layer 
broadening,  [3]  tunneling  through  the  gate  insulator,  and  in 
general  the  onset  of  velocity  saturation.  But  there  may  be 
advantageous  effects  awaiting  as  well.  Such  are  the 
possibility  of  velocity  overshoot  in  very  short  devices,  [4] 
and  the  weakening  of  those  detrimental  effects  that  are 
associated  with  an  energy  threshold.  In  this  latter  class 
belong  avalanche  breakdown  and  hot  carrier  injection  into 
insulators.  Apart  from  novel  effects,  the  worth  of  shrinking 
dimensions  hinges  on  such  practical  difficulties  as  linewidth 
and  alignment  control,  thin  insulator  reliability,  shallow 
junction  fabrication,  the  limitations  of  contact  and 
spreading  resistivities,  and  many  others.  Although 
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theoretical  treatments  abound  on  the  perceived  limits  of  Si 
FET  technology,  relatively  little  experimental  work  has  been 
performed  below  the  0.5pm  regime.  It  is  this  area  that  our 
work  [S]  was  concentrated  upon. 

The  general  aims  of  our  work  were,  (1)  to  study  scaling 
parameters  down  to  the  0.1pm  level,  (2)  to  fabricate  a  test 
vehicle  in  as  conventional  a  manner  as  possible,  that  then 
can  serve  as  a  starting  and  reference  point  for  radical 
departures  in  processes  and/or  device  concepts,  (3)  to  see 
what  transconductance  and  switching  times  are  attainable 
in  such  a  technology,  and  (4)  to  investigate  what,  if  any, 
novel  effects  are  observed  at  these  dimensions. 

2.2.  Design  and  test  structure  description 

The  junction  potential  of  silicon  sets  a  tower  limit  on 
operating  voltages  independently  of  device  dimensions. 
Consequently,  one  might  be  forced  to  work  at  higher  voltage 
levels  than  dictated  by  ideal  scaling.  This  is  most  detrimental 
once  electric  fields  reach  levels  where  velocity  saturation 
dominates  device  behavior.  In  such  an  environment,  raising 
operating  voltage  level  leads  only  to  increased  power 
consumption  without  an  accompaning  increase  in 
performance.  Thus  one  must  strive  for  operating  at  the 
lowest  possible  voltage  level.  These  considerations  naturally 
lead  to  liquid  nitrogen  (LNj)  temperature  FET  operation. 
At  LN2  temperature  the  main  obstacles  to  lowering  the 
threshold,  namely  subthreshold  conduction  and  threshold 
shift  due  to  temperature  change,  are  drastically  reduced. 
There  are  other  advantages  to  LN2  temperature  FET 
operation  as  well:  improved  performance,  mainly  arising 
from  lower  line  resistances  and  better  punch  through 
behavior.  Also  at  77“K  one  can  forward  bias  the  substrate. 
This  bias  counteracts  the  junction  potential  which  otherwise 
prevents  the  scaling  down  of  the  depletion  regions  around 
the  junctions.  [6]  In  our  view,  although  there  are  no 
fundamental  obstacles  to  a  room  temperature  0.1pm  gate 
length  FET  design  and  operation,  considering  the  difficulties 
in  processing,  to  make  the  performance  worthwhile  of  the 
fabrication  effort  one  has  to  go  to  reduced  temperature 
operation. 

Although  ultimately  one  is  aiming  at  CMOS,  as  a  first 
feasibility  study  at  the  0.1pm  gate  length  level  our  efforts 


were  directed  toward  NMOS.  The  lowest  threshold 
regarded  to  be  practical  even  at  LNj  temperature  was 
ISOmV,  the  same  as  proposed  for  a  0.23pm  LN} 
temperature  design.[6)  This  design  path  leads  to  a  0.6V 
power  supply.  The  optimum  choice  for  substrate  bias  would 
be  as  large  as  possible  while  still  avoiding  significant  leakage 
currents.  A  0.6V  forward  bias  on  the  substrate,  the  same  as 
the  drain  voltage,  is  a  reasonable  compromise,  and  saves  an 
additional  power  supply.  Because  of  freezeout  at  LN2 
temperature  makes  the  design  of  depletion  mode  devices 
difficult,  and  because  of  the  attractiveness  of  eventually 
developing  CMOS,  no  attempt  has  been  made  to  fabricate 
depletion-mode  devices.  Instead,  enhancement-mode  loads 
with  a  separate  gate  voltage  supply  were  utilized.  For 
circuits  operating  in  the  velocity  saturation  regime  the 
optimal  value  for  the  ratio  of  the  widths  of  active  and  load 
devices  was  found  to  be  4:1. 

Seven  different  chips  were  assembled  with  a  variety  of 
test  structures.  Three  of  the  chips  contained  inverter  chains. 
The  other  four  chips  served  to  house  various  parametric  test 
sites,  like  capacitors,  very  large  devices,  line  width, 
alignment  and  bias  monitors,  contact  and  sheet-resistivity 
measurement  sites.  Simple  circuits  were  also  built  to 
measure  the  actual  capacitance  of  the  small  gates  during 
device  operation,  to  observe  gate  leakage,  and  to  measure 
intrinsic  transconductance  and  device  noise.  Many  of  these 
test  structures  were  used  earlier  in  our  laboratory  in  their 
larger  versions.  [7]  On  most  chips  the  test  sites  have  been 
repeated  several  times  to  give  versions  with  different  gate 
lengths  at  the  design  level.  The  actual  fabricated  gate 
lengths  on  the  chips  ranged  from  a  maximum  0.23pm  down 
to  a  minimum  of  0.07pm.  The  number  of  sites  were  limited 
by  the  output  pads  that  could  be  conveniently  located 
around  the  high  resolution  field.  To  convey  some  of  the 
complexity  of  these  nominally  0.1pm  test  chips.  Fig.  1  shows 
the  picture  of  one  of  them.  In  such  pictures  almost  the  only 
visible  thing  is  the  metallization.  To  observe  the  finer 
features  we  had  to  remove  the  covering  layers  to  expose  the 
gate  level.  Figure  2  shows  an  SEM  micrograph  of  0.07pm 
long  gates  in  an  inverter  following  such  stripping. 
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FIGURE  1 

Picture  of  a  chip  containing  inverter  chains  and  support 
circuits.  The  high  resolution  area  is  0.25x0.25mmJ. 

The  schematic  cross  section  of  a  nominal  device  is  shown  in 
Fig.  3. 

2.3.  Processing 

Our  NMOS  process  called  for  five  lithographic  levels, 
including  the  one  for  alignment  marks.  They  were  all  done 
by  direct  write  electron-beam.  The  electron-beam  system 
had  the  capability  to  produce  a  few  tens  of  nm  features  on 
the  wafer,  with  an  overall  overlay  accuracy  of  SOnm  in  a 
0.25x0.25mm*  field.  [8]  In  some  cases  the  overlay  turned 
out  to  be  as  good  as  lOnm. 

Processing  at  these  dimensions  leads  to  unavoidable 
difficulties.  Consequently,  whenever  it  was  possible, 
established  process  steps  were  used  with  added  modification 
if  needed.  In  this  spirit  a  conventional  semi-recessed  oxide 
isolation  was  used.  However,  this  type  of  isolation  allowed 
only  0.23jun  ground  rales  for  the  diffusion  level.  Vertical 
scaling  and  doping  levels  were  attempted  to  be  fully 
consistent  with  a  0.1 /on  gate  length.  This  was  only  relaxed 
for  the  gate  oxide, 


FIGURE  2 

SEM  micrograph  of  an  inverter  after  stripping  the  metal  and 
conformal  oxide.  Diffusion  and  field  regions,  marks  due  to 
contact  holes,  and  nitride  sidewalls  are  visible  together  with 
0.07 pm  long  gates. 

where  full  vertical  scaling  would  have  called  for  a  2  to  2.5nm 
thickness.  Considering  that  we  were  making  a  first  attempt 
and  were  facing  many  unknowns,  we  increased  the  oxide 
thickness  to  4.5nm  on  most  wafers  for  reliability  reasons. 
(Tunneling  would  have  allowed  the  use  of  thinner  insulator 
because  our  voltage  levels  were 
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FIGURE  3 

Schematic  cross  section  of  the  NMOS  device.  Long  dashed 
line  indicates  junction  edges,  short  dashed  line  shows  the 
peak  of  the  boron  implant. 
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scaled  down.)  As  mentioned  earlier,  the  actual  gate  lengths 
spanned  a  considerable  range  on  each  chip.  Hie  doping 
levels  were  chosen  to  be  consistent  with  the  design  for  the 
O.lpin  gate  length  devices,  i.e.  giving  the  threshold, 
substrate  sensitivity,  punch  through  control  correctly  for  this 
gate  length.  On  each  wafer  the  seven  chips  were  reproduced 
three  times,  giving  a  total  of  21  per  wafer.  Because  of  the 
uncertainties  as  to  which  process  detail  will  lead  to  optimal 
devices,  many  process  variations  were  used.  The  main 
process  steps,  with  the  reasons  behind  them  and  the 
significant  experimental  variations  were  the  following: 

1.  The  wafers,  2Qcm  p-type,  received  a  backside  boron 
implant  to  provide  for  good  contact  even  at  LN} 
temperature. 

2.  Patterned,  and  fabricated  by  liftoff  TaSi2  alignment 
marks.  This  material  has  sufficiently  coarse  grain  also  to 
provide  focusing  targets.  The  alignment  marks  had 
minimum  dimensions  of  0.25/im.  Four  marks  were  provided 
in  each  corner  of  the  250fim  chip  field  so  that  if  any  marks 
were  damaged  three  spare  ones  were  still  available.  Marks 
in  the  comers  of  the  chip  field  could  be  scanned 
simultaneously,  to  adjust  the  offset,  field  size,  rotation,  and 
orthogonality  of  the  exposure  field. 

3.  Grew  IOnm  pad  oxide  and  deposited  lOOnm  nitride. 
Patterned  the  diffusion  regions  and  removed  the 
nitride-oxide  stack  from  field  regions.  Implanted  boron  for 
isolation.  Grew  160nm  dry,  semi-recessed  field  oxide  at 
950°C. 

4.  Stripped  nitride-oxide  stack  from  diffusion  regions. 
Implanted  boron  for  threshold  control.  Doses  ranged  from 
2.5  to  5.5xl012 /cm2.  Two  implant  energies,  15and30keV, 
were  used  to  provide  a  reasonable  trade-olf  between  process 
sensitivity,  short-channel  effects,  and  performance.  The 
aim  was  that  for  a  given  thermal  budget  the  surface  B 
concentration  be  as  low  as  possible,  while  peaking  the 
dopant  below  the  surface  for  punchthrough  control. 

5.  Grew  thermal  Si02  gate  insulator  ranging  in  thickness 
from  3.3nm  to  4.5nm,  at  800°C  in  dry  oxygen  with  HCI. 

6.  Deposited  lOOnm  thick  undoped  polysilicon  for  gate. 

7.  Patterned  gate  level,  and  lifted  off  a  metal  etch  mask.  The 
most  critical  step  in  terms  of  resolution  was  this  one.  It  was 


patterned  using  a  double  layer  PMMA  resist.  After  metal 
lift  off,  the  polysilicon  was  reactive  ion  etched. 

8.  Grew  7.5nm  oxide  on  polysilicon  at  850° C  in  dry  oxygen 
with  HCI. 

9.  Implanted  source/drain  extensions,  [7]  which  serve  the 
purpose  of  reducing  short  channel  effects.  In  different  splits 
arsenic  and  antimony  [9]  were  utilized  as  dopant  species. 
Doses  were  in  the  few  times  1014  /cm2  range,  with  energy 
down  to  lOkeV.  Multiple-energy  implants  were  used  in 
some  cases  to  achieve  a  more  "boxlike"  profile.  The  profile 
at  the  junction  edge  is  related  to  device  performance.  [7,9] 
The  source  and  drain  junction  must  be  as  abrupt  as  possible, 
since  the  main  resistance  component  leading  to 
transconductance  degradation  arises  in  the  region  where  the 
source/drain  dopant  concentration  gradually  drops  toward 
the  channel.  The  choice  of  antimony  for  source/drain 
extension  is  dictated  by  the  fact  it  is  more  suitable  for 
achieving  abrupt  junctions.  [9] 

10.  Deposited  lOOnm  nitride  for  sidewall  spacer,  and 
reactive  ion  etched  the  nitride. 

11.  Implanted  arsenic  source/drain.  Doses  were  2  to 
SxlO15  /cm2,  at  20keV. 

12.  Activated  source/drain.  Furnace  thermal  budgets 
ranged  from  900°C,  30  minutes  to  850°C,  20  minutes. 
Some  wafers  received  rapid  thermal  anneals  of  1050  and 
1100°C  for  10”.  The  final  depth  was  estimated  to  be 
~50nm  for  the  source/drain  extensions  and  lOOnm  for  the 
"deep"  junctions. 

13.  Self-aligned  metallization  formed  on  gate  and 
source/ drain  for  most  wafers. 

14.  Deposited  lOOnm  low-temperature  conformable  oxide 
overlay. 

15.  Patterned  contact  hole  level,  and  reactive  ion  etched 
contact  opening. 

16.  Patterned  metal  level  via  lift-off  of  300nm  Ti/Al,  and 
annealed  in  partial  hydrogen  ambient. 

2.4.  Characterization 

Of  the  tested  wafers  ~80%  of  the  structures  were 
operational.  This  percentage  includes  some  sites  that 
depended  on  the  operation  of  many  devices, 
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FIGURE  4 

Characteristics  of  0.16pm  gate  length  (a),  and  0.1pm  gate 
length  (b)  devices  from  the  same  wafer.  Solid  lines  are  for 
LN2  and  dashed  lines  for  room-temperature  operation.  Gate 
voltage  increments  are  in  0.1  V  steps  up  to  0.8V.  Substrate 
bias  is  0V  at  room  and  0.6V  at  LN2  temperature.  The  LN2 
thresholds  are  ~0.1V  above  the  room  temperature  ones. 
Gate  oxide  is  4.Snm  thick.  The  wafer  received  a  channel 
implant  recessed  from  the  interface,  and  has  antimony 
source/drain  extensions.  At  77  °K  the  0.1pm  gate  length 
device  has  a  go  of  760mS/mm  and  a  Gn  of  440mS/mra. 

such  as  inverter  chains  with  on-chip  output  amplifiers. 
Considering  that  at  present  many  of  the  utilized  process 
steps  were  of  an  experimental  nature,  this  is  quite 
satisfactory  yield. 

The  first  point  of  importance  is  basic  device  behavior. 
Figure  4  shows  the  drain  characteristics  of  two  devices  from 
the  same  wafer,  with  different  gate  lengths,  at  both  room 
and  LN2  temperature.  One  can  see  that  the  device 
characteristics  in  the  scaled  down  voltage  regime  appears 
almost  "long-channel  like",  in  that  the  output  conductance 
is  low.  However,  the  equal  spacings  of  the  saturated  currents 
with  equal  gate  voltage  steps  is  the  main  feature  of  the 
devices,  indicating  strong  velocity  saturation. 


Notwithstanding  this  fact,  the  devices  have  exceptional 
transconductances.  In  the  saturation  regime  at  77°K  the 
0.1pm  gate  length  device  has  a  small  signal 
transconductance,  g,,  ,  of  760mS/mm.  For  estimating 
performance  in  dense  circuits  the  large  signal 
transconductance,  Gm  ,  (current  at  the  design  values  of  Vd 
»V(  ~0.6V  divided  by  the  designed  0.6V  maximum  gate 
drive)  is  the  more  relevant  parameter.  [10}  This  is 
440mS/mm  for  the  same  device.  To  our  knowledge  [11,12] 
both  of  these  transconductance  values  are  the  highest 
measured  to  date  for  Si  FET’s.  They  compare  quite 
favorably  with  competing  high-performance  technologies. 

If  we  take  current  output  for  the  same  gate  drive  as 
measure  of  device  quality,  the  LN2  temperature  operation 
resulted  in  approximately  50%  improvement  for  the 
0.16pm  gate-length  device  and  ~40%  for  the  0.1pm  one. 
(Note  that  the  room  temperature  thresholds  are  ~100mV 
below  the  LN2  ones.)  Two  things  are  somewhat  surprising 
about  the  LN2  versus  room  temperature  device  operation. 
First,  the  improvement  due  to  low  temperature  is  more  than 
expected.  This  would  point  in  the  direction  of  some 
overshoot  phenomena.  On  the  other  hand,  and  this  the 
second  puzzling  aspect  because  it  contradicts  the  conclusion 
of  the  first,  the  shorter  devices  improve  proportionately  less 
then  the  longer  ones  upon  cooling,  arguing  against  velocity 
overshoot. 

Overall  device  features  were  nearly,  but  not  exactly,  like 
those  predicted  by  earlier  drift/diffusion  finite-element, 
FIELDAY  [13],  modeling  on  which  the  design  was  based. 
This  is  illustrated  in  Fig.  5,  where  the  comparison  is  shown 
of  the  0.1pm  gate  length  device  of  Fig.  4  with  the  FIELDAY 
simulation  that  was  done  at  an  earlier  time,  when  the  project 
was  still  in  the  device  design  stage.  In  the  simulation  the 
mobility  is  too  high,  giving  too  much  current  at  low  drain 
voltages.  It  is  not  difficult  to  match  exactly  the  experimental 
curves  with  FIELDAY  for  any  of  the  gate  lengths,  with  a 
reasonable  choice  of  parameters.  However  the  same  set  of 
parameters  does  not  match  all  the  devices  with  different  gate 
lengths.  The  situation  becomes  much  more  complicated  if 
we  look  at  wafer  to  wafer  variation  in  device  characteristics. 
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FIGURE  5 

Comparison  of  experiment  (solid  lines)  and  simulation 
(dashed  lines  and  symbols)  for  0.1pm  a  gate  length  device 
at  low  temperature.  Gate  and  substrate  biases  as  on  Fig.  4. 
The  simulation  is  from  a  drift-diffusion  finite  element 
model.  (FIELDAY)  It  was  performed  prior  to  device 
fabrication  and  served  as  the  basis  for  the  device  design. 
The  mobility  assumed  in  the  model  was  too  high. 

They  are  extremely  sensitive  to  the  details  of  processing. 
No  such  thing  was  even  remotely  found  as  a  "generic" 
0.1pm  gate  length  device  behavior.  This  is  evident  by 
comparing  device  characteristics  shown  in  Fig.  6  with  those 
of  Fig.  4.  Figure  6  shows  LN2  temperature  device  behavior 
from  another  wafer  having  gate  lengths  down  to  0.07pm, 
made  with  somewhat  different  process  conditions.  While 
these  too  are  excellent  devices,  the  0.07  pm  one  having  a  gm 
of  640mS/mm,  they  show  more  resistance  and  an  overall 
lower  current  output  for  a  given  gate  drive.  When  the 
intrinsic  transconductances  are  estimated  for  the  devices 
shown  in  the  two  figures,  the  0.1pm  gate  length  one  of  Fig. 
4  still  comes  out  ahead  of  the  0.07pm  one  of  the  other  wafer, 
in  spite  of  its  longer  channel  length.  It  was  found  that  high 
transconductances  were  associated  with  low  channel  doping 
at  the  oxide  interface,  and  with  antimony  source/drain 
extensions.  So  far  because  the  strong  process  dependence 
of  device  performance  hinders  precise  modeling,  it  is  not 
dear  to  us  whether  velocity  overshoot  [12]  manifests  itself 
either  at  room  or  LN,  temperature.  A  more  thorough 
investigation  is  presently  in  progress. 
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FIGURE  6 

LN2  characteristics  of  0.07pm  and  0.1pm  gate  length 
devices  from  a  wafer  processed  with  different  splits  from  the 
devices  of  Fig.  4.  Gate  voltage  increments  are  in  0.1  V  steps 
up  to  1.0V.  Substrate  bias  is  0.6V.  Gate  oxide  is  4.5nm 
thick.  These  devices  show  higher  output  conductance  and 
more  resistive  effects  than  the  ones  in  Fig.  3.  The  figure 
illustrates  the  importance  of  the  processing  details  on  device 
performance.  The  0.07pm  gate  length  device  has  a  gn,  of 
640mS/mm,  higher  than  the  0.1pm  device  from  the  same 
wafer,  but  lower  than  the  0.1pm  device  on  Fig.  3.,  in  spite 
of  the  longer  gate  of  the  latter. 

Analysis  of  data  for  small  drain  voltages  combined  with 
data  from  large,  100pm  channel-length  devices  gave  the 
following  typical  parameters  at  LN2  temperature.  Field 
effect  mobility  was  approximately  1 500cm2/ Vsec  at 
tum-on,  but  deteriorated  ~30%  by  the  time  the  gate  voltage 
reached  1 V  over  threshold.  Source  and  drain  resistance  for 
the  best  wafers  was  below  13011pm  per  side.  Here  too,  the 
precise  situation  for  the  smallest  devices  is  not  quite  clear. 
Figure  7  shows  a  comparison  in  behavior  of  a  100pm  and  a 
0.1pm  long  device  from  the  same  wafer.  The  Figure  shows 
the  current  normalized  for  one  square  of  the  devices  (width 
equals  length)  for  low  drain  voltages  as  function  of  gate 
drive.  In  principle,  the  behavior  should  be  independent  of 
gate  length.  This  was  clearly  not  the  case,  the  small  device 
fared  poorly  in  the  comparison.  The  main  reason  was 
source/drain  resistance.  However,  more  detailed  analysis 
showed  that  source/drain  resistance  is  not  the  complete 
picture.  The  short  device  had  lower  mobility  than  the  long 
one  as  well.  In  spite  of  the  appearance  given  on  Fig.  7,  the 
source/drain  resistance  and  mobility  of  the 
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FIGURE  7 

Low  temperature,  low  drain  bias  characteristics  normalized 
to  one  square  (length-width),  derived  from  a  100pm  and  a 
0.1pm  gate  length  device.  Drain  biases  are  SO,  100,  and 
ISOmV  for  both  devices.  The  effects  of  source/drain 
resistance  and  somewhat  lower  mobility  is  clearly  evident  in 
the  case  of  the  small  device. 

small  device  was  well  within  tolerable  limits.  According  to 
circuit  simulations  the  parasitic  contributions  to  the  overall 
performance  degradation  were  not  too  significant  when  they 
were  compared  to  the  intrinsic  degradation  inherent  in 
velocity  saturation,  which  dominated  at  higher  drain 
voltages.  The  use  of  LN2  temperature  assured  that 
subthreshold  current  was  ideal  down  to  the  0.1pm  level  on 
almost  all  wafers,  in  spite  of  the  shallow  junctions  and  the 
forward  substrate  bias.  It  changed  a  decade  for  each  27mV 
of  gate  voltage  change. 

2.S.  Conclusions 

Although  a  full  performance  evaluation  is  not  yet 
complete,  we  are  quite  confident  that  with  proper  design, 
and  with  processing  along  established  avenues,  an  FET 
technology  at,  or  even  below,  the  0. 1pm  gate  length  level 
appears  feasible,  and  performance  improvements  will 
accompany  the  shrinking  of  dimensions  into  this  regime. 

3. BIPOLAR  DEVICES 

3.1.  Scaling  issues 

Bipolar  transistors  are  evolving  at  a  rapid  pace  as  well. 
Their  scaling  [14]  is  a  less  straightforward  case  than  that  of 


FET’s,  but  ultimately  it  is  associated  with  similar  issues: 
thinning  the  base,  decreasing  horizontal  dimensions,  and 
adjusting  doping  levels.  In  processing,  possibly  the  most 
critical  issues  are  the  controllable  reduction  of  base  width 
and  the  shallowness  of  the  emitter  junction.  As  an  example 
of  processing  and  characterization  issue  arising  with  scaling 
down  dimensions  we’ll  discuss  the  question  of  polysilicon 
emitter  contacts  and  their  influence  on  performance.  [15J 

3.2.  Polysilicon  emitter  contact 

Reducing  the  base-emitter  junction  in  conventional 
metal-contacted  transistors  causes  the  base  current  to  be 
unacceptably  high  and  very  sensitive  to  the  contact 
properties.  Polysilicon  emitter  contacts  significantly 
improve  bipolar  device  performance,  because  they  produce 
a  highly  abrupt,  shallow  base-emitter  profile  without  a 
reduction  in  current  gain  since  the  metal  contact  is  moved 
away  from  the  junction  The  reduced  mobility  in  the 
polysilicon  [  1 6]  and  the  presence  of  an  interfacial  tunneling 
barrier  [17]  at  the  polycrystalline-Si/single-crystal-Si 
(poly/single)  interface  result  in  a  reduced  base  current 
density  by  a  factor  of  3  or  more.  The  poly /single  interface, 
however,  not  only  acts  as  a  barrier  to  hole  transport  (base 
current),  but  also  increases  the  resistance  for  electrons 
(emitter  current).  [18]  Since  the  largest  current  density  in 
the  device  passes  through  the  emitter  contact,  the  specific 
contact  resistivity  must  be  kept  as  low  as  possible  to  prevent 
a  degradation  in  transconductance.  The  performance  loss 
due  to  contact  resistivity  only  shows  up  in  small  devices  at 
high  current  densities.  [19]  Unfortunately  these  are  exactly 
the  conditions  under  which  high  performance  logic  circuits 
operate.  It  is  of  significant  importance  to  tie  in  electrical 
behavior  with  the  nature  of  the  poly/single  interface.  It  is 
known  that  the  interface  structure  changes  significantly  as 
a  result  of  high  temperature  annealing  and  that  these 
changes  are  enhanced  at  high  doping  levels. 

3.3.  Device  fabrication 

In  order  to  determine  the  potential  performance 
trade-off  between  base  current  and  emitter  resistance  we 
compared  the  structural  and  electrical  aspects  of  advanced 
technology  bipolar  transistors  which  differed  only  in  the 
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Schematic  cross-section  of  double-poly  self-aligned  bipolar 
transistor,  with  the  emitter  resistance  indicated. 

annealing  treatment  of  the  polysilicon  emitter  contact.  The 
devices  used  in  our  experiment  were  self-aligned 
double-polysilicon  bipolar  transistors,  whose  schematic 
cross-section  is  shown  in  Fig.  8.  The  whole  process 
description  can  be  found  in  [IS],  here  we  are  only  detailing 
those  aspects  that  had  a  direct  bearing  on  the  poly/single 
contact  interface.  The  emitter  opening  was  etched  using  a 
selective  chemical  etch,  so  as  to  prevent  surface 
contamination  that  can  occur  in  reactive  ion  etching 
procedures.  In-situ,  As-doped  polysilicon  was  deposited  at 
650  °C  using  N2  as  the  carrier  gas.  The  emitter  surface  was 
given  a  buffered  HF  clean  immediately  prior  to  this 
deposition  to  minimize  any  residual  native  oxide  on  the 
surface.  Two  different  emitter  anneals  were  used:  either 
900  °C  for  10  min.  or  800  °C  for  45  min.  The  second 
anneal  condition  was  designed  to  result  in  approximately  the 
same  integrated  base  doping,  while  minimizing  the 
base-emitter  junction  depth.  Metallization  consisted  of  a 
Ti/Al/Si  sandwich,  which  was  annealed  in  a  manner  known 
to  give  extremely  low  contact  resistance  between  the  metal 
and  poiysilicon. 

3.4.  Elect  ’  viiaractenzation 

Extern;’  •  .'  and  AC  characterizations  were  done  of 

both  large,  j*er  lOOOfun2,  and  small,  ~10^mJ,  emitter  area 


FIGURE  9 

Cross-sectional  TEM  picture  of  an  actual  bipolar  emitter’s 
poly/single  interface.  The  lattice  fringes  are  continuous 
through  the  interface,  indicating  practically  complete 
realignment  of  the  poly. 

devices.  For  large  devices  the  base  current  was  lower  by  a 
factor  of  two  for  the  800°  C  annealed  ones.  But,  the  I-V 
curves  taken  on  small  devices  also  indicated  that  their  series 
resistance  was  substantially  higher  than  of  the  devices  given 
the  900  °C  anneal.  By  a  recently  developed  technique  [19] 
it  was  determined  that  this  was  indeed  due  to  emitter  and 
not  to  base  resistance.  This  resistance  did  not  cause 
significant  harm  to  the  base  transit  times,  extrapolated  from 
F,  measurements,  which  are  characteristic  of  low  level 
current  injection  behavior.  [20]  However,  when  impact  on 
switching  performance  was  addressed  in  ECL  and  NTL 
ring-oscillators,  the  problems  with  the  higher  emitter 
resistance  became  obvious.  At  low  power  in  the  NTL 
circuits  the  smaller  extrinsic  base-collector  capacitance 
(shallower  junction)  for  the  800  °C  annealed  transistors 
allowed  faster  operation,  230ps  delay  vs  300ps.  But  at 
current  levels  typical  of  real  circuit  operations  the  delay 
times  reversed,  135ps  vs  I65ps  in  favor  of  the  900°C 
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annealed  ones,  due  to  their  tower  emitter  resistance.  Similar 
results  were  obtained  for  ECL  circuits. 

3.5.  Structural  characterization 

Clearly  the  interface  between  the  poly  and  single  crystal 
silicon  must  contain  the  clue  for  the  difference  in  emitter 
resistance  and  the  consequent  performance  difference. 
There  were  many  studies  done  on  such  interfaces  before. 
[21]  However,  our  case  was  the  first  where  such  extensive 
electrical  measurements  were  taken  and  correlated  with  a 
single  processing  detail  relating  to  the  polysilicon  interface, 
and  most  significantly,  also  correlated  with  cross-sectional 
transmission  electron  microscopy  (TEM)  done  on  the  very 
same  emitters  that  have  been  electrically  characterized.  The 
result  from  the  900° C  annealed  device  is  shown  on  Fig.  9 
in  high  magnification.  The  picture  shows  clear  realignment 
of  the  poly,  with  almost  total  disappearance  of  the  original 
interface.  The  reason  for  the  low  resistance  was  simply  that 
for  all  practical  purposes  the  interface  vanished. 

3.6.  Conclusions 

The  presented  picture  is  interesting  from  the  point  of 
view  that  it  illustrates  the  care  that  must  be  exercised  when 
one  characterizes  small  devices.  Based  on  projections  from 
large  devices,  or  even  from  small  ones  but  at  low  current 
levels,  one  would  have  concluded  that  high  gain  is  the  most 
desirable  property  to  pursue.  The  increase  of  emitter 
resistance  accompanying  the  higher  gain  (low  base  current), 
showed  up  only  in  small  devices,  and  its  detrimental  effects 
were  only  observed  under  realistic  high-current  injection 
testing.  The  implications  for  advanced  bipolars  are 
important.  To  achieve  the  highest  speeds  the  best  is  if  the 
interface  is  completely  eliminated.  A  relatively  "thick" 
single  crystal  emitter  (which  a  regrown  polysilicon  contact 
becomes),  coupled  with  a  thin  base  is  the  goal  to  be  attained, 
even  if  at  low  power  levels  this  leads  to  an  increased  base 
current. 

4.  SELECTED  TOPICS 

The  field  of  small  devices  is  so  vast  that  we  could  cover 
only  a  small  fraction  of  it.  There  are  many  other  areas  worth 
of  discussion  as  well.  We  would  like  express  opinion  on  two 
topics,  one  well  known,  the  other  more  exotic.  The  former 


is  the  quest  to  achieve  good  quality  shallow  junctions.  We 
believe  that  much  is  to  be  gained  in  this  field  if  one  stays  at 
very  low,  350  to  800°C,  temperatures  and  uses  the  property 
of  many  dopants  to  supersaturate  and  become  active  when 
silicon  re  grows  from  its  amorphous  state.  [9,22,23]  To 
mention  a  less  well  known  topic,  one  has  to  be  concerned 
with  a -particle  caused  soft-errors  for  both  small  FETs  [24] 
and  bipolars.  [25]  As  circuits  respond  ever  faster,  the  time 
evolution  of  the  initial  current  surge  that  follows  a  hit  on  one 
or  more  junctions  is  beginning  to  be  of  importance.  It  is 
almost  universally  assumed  that  the  rise-time  of  such  a 
current  pulse  is  practically  instantaneous,  certainly  of  less 
than  lps  duration.  [26]  However,  we  believe  that  this  time 
might  be  much  longer,  10  to  30ps,  due  to  the  time  it  takes 
for  the  minority  carriers  to  thermalize. 

5.  SUMMARY 

We  presented  results  and  detailed  several  issues  on  the 
deeply-submicron  world  of  silicon.  Overall,  we  see  nothing 
on  the  immediate  horizon  that  would  halt  the  ongoing 
progress  of  the  technology. 
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MOSFETs  with  effective  channel  lengths  down  to  0.3  /an  have  been  realized  using  x - 
ray  lithography.  To  determine  process  parameters  for  device  optimization  two 
dimensional  process  and  device  modeling  was  employed.  In  addition,  ring  oscilla¬ 
tors  with  different  numbers  of  stages  were  fabricated  to  evaluate  the  performance 
of  this  technology. 

INTRODUCTIOH  boundary  conditions  /2/  had  to  be  considered: 

Fabrication  of  VLSI  circuits  not  only  minimum  short  channel  effects  and  maximum 

requires  a  convenient  high  throughput  techno-  device  stability.  Implantation  profiles  were 

logy  but  also  demands  processes  which  are  optimized  for  inverters  consisting  of  enhance- 

capable  of  great  accuracy.  Improvements  in  mask  ment  mode  transistors  with  Lej£-  0.5  pm  and 

technology,  stepper  alignment  and  resist  depletion  mode  devices  with  Lef£-  0 . 9  pm.  The 

technique  have  made  x-ray  lithography  to  a  tool  internal  electrical  field,  which  is  responsible 

which  is  able  to  meet  these  high  demands  of  for  avalanche  breakdown,  carrier  injection  in 

circuit  fabrication  /l/.  The  ala  of  this  work  the  gate  oxide  and  for  the  degradation  of 

is  to  demonstrate  the  performance  of  x-ray  threshold  and  transconductance  in  submicron 

lithography  by  using  it  for  the  definition  of  devices,  was  reduced  by  fixing  the  power  supply 

polysilicon  gates  in  the  halfmlcron  range.  To  to  3V.  In  this  manner  it  was  possible  to  avoid 

swow  the  viability  of  this  technique  we  want  to  specially  tailored  profiles  like  lightly  doped 

present  results  on  MOSFETs  and  ringoscillators  (LDD)/3/  or  double  diffused  drain  (DI-LDD)/4/. 

obtained  from  an  NMOS  technology  scaled  to  All  lithography  steps  except  the  definition  of 

submicron  dimensions.  Devices  fabricated  with  the  gate  level  were  carried  out  with  a  deep  UV 

this  process  showed  excellent  IV-characterls-  contact  printing  system  (Carl  SOss,  MJB  3  HP 

tics  end  almost  no  short  channel  effects.  High  UV300) . 

speed  and  low  power  dissipation  is  an  additlo-  Active  device  regions  were  defined  by 

nal  feature  of  the  developed  technology.  locally  oxidizing  the  p-doped  substrate  (12-17 

Rem) .  The  Interdevice  isolation  was  improved  by 
an  additional  boron  implant.  The  threshold  vol- 
DEVICE  MODELING  AND  PROCESSING  tags  of  the  enhancement  mode  transistors  was 

Process  (SUPREM)  and  device  (MINIMOS)  adjusted  to  0.5  V  by  a  double  boron  implanta- 

mo deling  was  employad  to  extend  a  1pm  NMOS  tion  (2*1012  cm’2,  30  keV  and  1*1012  cm*2 ,  60 

process  to  the  submicron  range.  Two  conflicting  keV)  through  a  sacrificial  oxide  of  25  nm.  A 

♦  Now  with  Brown  Boverl  Corporation,  Badan,  Switzerland 
++  Mow  with  AEG  Porschungslabor ,  Frankfurt,  FRG 

This  work  has  been  supported  by  the  Bundesmlnlsterlum  far  Forschung  und  Technologic 
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deep  channel  arsenic  iaplant  (7.2*10-''*'  cn  , 
170  keV)  was  used  for  depletion  load  devices  to 
obtain  syomtrical  Inverter  characteristics  and 
to  isprove  long  tiae  stability.  Amorphous 
silicon  (250  na)  was  deposited  in  a  low 
pressure  process  on  the  15  na  gate  oxide  grown 
in  dry  oxygen  at  1000‘C.  Per  chip  six 
transistors  of  each  type  with  channel  lengths 
varying  froa  0.8  to  1.8  pa  for  depletion  node 
and  0.5  to  1.2  p a  for  enhancement  mode  devices 
were  structured  by  x-ray  lithography  and 
reactive  ion  etching  by  aeans  of  an  SFg 
process.  Channel  width  of  all  devices  was  10 
pa.  For  comparison  an  additional  set  of  devices 
was  prepared  using  e-beaa  direct  writing  for 
this  step.  •  After  the  deposition  of  a  CVD 
passivation  oxide  the  selfaligned  arsenic 
source/drain  implant  (80  keV,  1016  ca"^)  was 
activated  at  900*C  resulting  In  a  junction 
depth  of  about  0.2  pa.  The  Ti/Al  (100/300  na) 
metallization  was  structured  by  lift  off. 

To  clarify  the  sensitivity  of  the  described 
process  to  deviations  in  the  technological 
paraaeters  additional  numerical  simulations 
were  performed.  These  deaonstrated  that  a 
variation  of  channel  length  or  oxide  thickness 
up  to  ±  10%  does  not  perturb  the  Inverter 
characteristics  considerably. 

RESULTS 

The  ability  of  the  used  technology  for 
manufacturing  device  structures  of 
predeterained  dimensions  is  deaonstrated  in 
flg.l.  This  figure  shows  the  gate  region  of  a 
0.5  pa  enhancement  aode  MOSFET.  Excellent 
characteristics  were  obtained  froa  the 
optialzed  devices  (L%£ f —  0.5  pa).  Fig. 2  shows 
the  subthreehold  current  of  an  enhancement 
transistor  with  0.5  pa  and  tf-  10  pa  for 
different  drain  voltages .  It  aay  be  seen  that 
the  curves  are  essentially  Insensitive  to  this 
paraaeter.  This  result  indicates  negligible 
short  channel  effects.  The  subthreahold  slope 
of  this  device  is  80  aV/decade. 


FIGURE  1 


Gate  region  of  MOSFET  with  Lgff-  0.3pm 


Subthreshold  behavior  of  enhancement  transistor 
with  Left-  0-5  pm,  W-  10pm 
(0.1  V<VD<  2.6  V,  VSS~  0  V) 

As  mentioned  before,  the  shortest  geometrical 
channel  length  used  in  this  study  was  0.5  pm. 
The  corresponding  IV-curves  (fig. 3)  demonstrate 
that  even  these  devices  exhibit  acceptable 
current  voltage  characteristics.  Typical  values 
for  subdiffusion  of  AL-  0.19  pa  and  an  overall 
series  resistance  of  24  0  were  determined  using 
a  method  after  Peng  et  al./5/.  For  this  reason 
the  shortest  devices  had  an  effective  channel 
length  of  about  0.3  pa.  Carrier  nobility  was 
aeaaured  with  an  approach  proposed  by  Hao  et 


84 


10 

(mA) 


FIGURE  3 

ID-UD  characteristic  of  n- channel  enhancement 
transistor  (i*ff“  0.3 pm) 

(0  V  <  VG  <  5  V.  VSS-  0  V) 

al./6/.  Values  of  pD-  530  cm^/Vs  for  the  deple¬ 
tion  mode  (Lejj—  0.9  pm)  and  pg-  425  cm^/Vs  for 
enhancement  mode  (Leff~  0.5  pm)  transistors  are 
characteristic  for  devices  in  the  submicron 
range  /7 / .  The  somewhat  higher  value  for  the 
depletion  M0SFET  is  probably  due  to  the  buried 
channel.  Very  similar  results  were  obtained  on 
devices  structured  by  e-beam  direct  writing. 

Measured  substrate  currents  for  enhancement 
mode  MOSFBTs  with  different  channel  lengths  are 
plotted  in  fig. 4.  Reduction  of  the  effective 
channel  length  from  1.0  to  0.3  pm  results  in  a 
rapid  Increase  of  substrate  current  over  more 
than  two  decades.  Also  the  shape  of  the  Igg- 
curves  changes.  The  clearly  visible  maximum  for 
the  'long-channel*  devices  at  VG  -  VD/2 
virtually  dlsappeara  for  transistors  with 
channel  length  below  0.5  pm. 

In  order  to  get  information  about  the  dyna¬ 
mic  potential  of  the  described  technology  ring- 
oscillators  wars  designed  with  0.5  pm  effective 
channel  length  for  the  driver  and  0.9  pm  for 
the  load  transistor.  Because  it  is  well  known 
that  ringosclllators  with  a  large  number  of 


Substrate  current  of  enhancement  transistors 
with  different  channel  lengths 


stages  tend  to  generate  higher  harmonics  /8/ 
each  chip  contained  4  oscillators  with 
different  numbers  of  stages  (101/51/25/13).  A 
microphotograph  of  such  a  chip  can  be  seen  in 
fig.  5.  The  first  results  measured  on  oscilla¬ 
tors  which  have  been  fabricated  using  x-ray 
lithography  indicated  a  propagation  delay  time 
of  135  ps.  A  second  set  of  devices  was  realized 
by  means  of  e-bsam  direct  writing  with  Improved 
contact  hole  structuring  and  metallization.  The 
output  waveform  for  the  51- stage  oscillator 
fabricated  in  this  manner  is  shown  in  fig. 6. 
This  dsvice  has  a  typical  Inverter  propagation 
delay  time  of  87  ps  and  a  power  delay  product 
of  17.5  fJ  at  a  supply  voltage  of  3V. 
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FIGURE  5 

Microphotograph  of  ringoscillator  chip 
(101/51/25/13  stages) 


FIGURE  6 


Output  waveform  of  ringoscillator  with  51 

stages 


CONCLUSIONS 

Submicrometer  MOSFETs  with  L#££  ranging  from 
1.6  to  0.3  pm  have  been  realized  using  x-ray 
lithography  for  gate  definition.  Our  results 
clearly  show  the  ability  of  this  technique  for 
device  fabrication.  Excellent  pattern  defini¬ 
tion  and  overlay  accuracy  are  the  two  major 
features  which  have  to  be  emphasized.  The 
technology  for  the  fabrication  of  these  devices 
has  been  optimized  employing  numerical  simula¬ 
tions.  Short  channel  effects  were  almost  com¬ 
pletely  suppressed  by  proper  choise  of  the 
technological  parameters.  In  addition,  oscilla¬ 
tors  fabricated  using  this  technology  exhibit 
very  high  speed  and  low  power  dissipation. 
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Half-micron  n-  and  p-channel  transistors  with  an  offset  diffused  drain  structure  have  been  fabri¬ 
cated.  A  high  temperature  process  and  offset  implantation  of  the  source-drain  dopants  was  used 
to  obtain  graded  doping  profiles  and  an  optimum  effective  channel  length.  Experimental  results 
showed  good  device  quality.  The  extrapolated  lifetime  for  the  n-channel  device  was  5  years  at  a 
power  supply  voltage  of  4.5  V.  Hot  carrier  degradation  in  p-channel  devices  cannot  be  neglected 
anymore. 


1.  INTRODUCTION 

Short  channel  effects  and  reliability  aspects  give  rise 
to  conflicting  demands  on  the  design  of  half-micron 
MOS  transistors.  A  compromise  has  to  be  made  when 
the  transistors  are  designed  for  a  fixed  standard  oper¬ 
ating  voltage. 

It  is  the  aim  of  this  paper  to  investigate  the  feasi¬ 
bility  of  a  high  temperature  budget  half-micron  CMOS 
process.  The  high  temperature  budget  is  useful  for  the 
reduction  of  the  hot  carrier  degradation  phenomena. 
A  special  drain  structure  in  which  the  source-drain  im¬ 
plantations  were  done  after  spacer  formation  was  used 
to  obtain  graded  source-drain  profiles  with  limited  lat¬ 
eral  diffusion  under  the  gate.  In  this  way  devices  can  be 
designed  with  a  strong  reduction  of  the  lateral  electric 
fields  and  with  reasonable  short  channel  effects.  Device 
simulations  were  used  extensively  to  get  insight  into  the 
processing  demands  and  for  fine  tuning  of  the  doping 
profiles.  Simulations,  fabrication  and  experimental  re¬ 
sults  for  n-  and  p-channel  devices  will  be  discussed. 

3.  SIMULATIONS 

The  transistors  were  designed  for  a  CMOS  process 
with  N-type  polycrystalline  silicon  gate  materials  gate 
length  of  0.5pm  ,  a  threshold  voltage  of  0.8  V,  a  gate 
oxide  thickness  in  the  range  between  10  and  13.5  nm 
and  a  power  supply  voltage  of  at  least  3.7  V.  Further¬ 
more  the  off-current  at  V*,  =  4V  should  be  below  10 
pA/pm.  Series  resistances  should  not  degrade  the  cur¬ 
rent  drive  capability  in  the  saturation  region  by  more 
than  10  percent.  Simulation  tools  used  In  the  study 


were  DDF  a  2D  process  simulator,  and  CURRY  [1]  a 
2D  device  simulator.  Both  programs  are  proprietary 
software  of  Philips.  The  n-  and  p-channel  devices  will 
be  discussed  separately. 

2.  1  n-channel  transistors 

The  reduction  of  the  hot  carrier  phenomena  is  the 
main  problem  in  the  design  of  the  transistors.  Lightly- 
doped-drain  (LDD)  [2)  or  doubly-diffused-drain  (DDD) 
|3)  structures  have  been  used  for  this  purpose.  A  lightly 
doped  N~  region  is  used  to  reduce  the  lateral  electric 
field  Et.  For  an  LDD  structure  an  N~  dosis  below 
10,3em~*  gives  the  strongest  reduction  of  Et.  However, 
such  a  low  N~  dose  leads  to  large  series  resistances  and 
device  degradation  can  even  be  more  serious  than  in 
conventional  devices  [4).  Typically  an  N~  dose  around 

4  x  lO^cm'*  gives  optimum  results. 

To  obtain  a  better  understanding  of  the  phenomena 
which  lead  to  the  reduction  of  Et  for  such  a  high  N~ 
dose,  a  series  of  simulations  have  been  done.  In  these 
an  LDD  type  drain  structure  with  a  gaussian  N~  pro¬ 
file  was  used.  The  depth  and  lateral  spread  could  be 
varied  independently.  The  N~  top  concentration  was 

5  x  I0ucm_*.  The  junction  depth  (0.1  to  0.4/im)  was 
found  to  be  of  little  importance  for  the  reduction  of 
Ea.  The  lateral  spread  of  the  N~  doping  profile  is  the 
dominating  factor  in  the  reduction  of  Et. 

A  simple  way  to  produce  a  highly  graded  N~  pro¬ 
file  is  the  use  of  a  phosphorus  N~  implant  followed 
by  a  high  temperature  drive  step.  For  a  power  supply 
voltage  above  3.7  V,  simulations  showed  that  a  drive 
step  of  1000°C  for  30  minutes  is  needed.  For  small  de¬ 
vices  the  lateral  diffusion  is  too  large.  Hence  the  N~ 
implants  should  be  done  after  spacer  formation. 
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Such  an  offset  diffused  drain  structure  (ODD)  al¬ 
lows  the  formation  of  highly  graded  junctions  with  op¬ 
timum  effective  channel  length.  A  similar  drain  struc¬ 
ture  has  been  proposed  by  Horiuchi  and  Yamachuchi 
(5).  Simulations  of  0.5  pm  gate  length  ODD  devices 
showed  excellent  device  characteristics  and  high  cur¬ 
rent  drive  capability.  Furthermore  the  off  currents  are 
below  1  pA/pm  at  Vu  =  4  V  . 

3.  3  p- channel  transistors 

The  design  of  the  buried  channel  PMOST  has  to 
be  adjusted  to  the  high  temperature  budget  needed  for 
the  n-channel  devices.  An  important  design  parame¬ 
ter  of  a  buried  channel  device  is  the  junction  depth  of 
the  compensating  boron  threshold  implant.  To  reduce 
drain  induced  barrier  lowering  phenomena  this  channel 
junction  depth  should  be  between  0.05  and  0.1  pm  for 
our  devices.  This  can  be  realised  for  the  present  pro¬ 
cess  by  the  use  of  a  medium  energy  an.ti  punch  through 
(APT)  implant.  The  channel  doping  is  shown  in  fig¬ 
ure  1  for  a  250  keV  As*  APT  implant.  The  channel 
junction  is  very  shallow  even  after  the  high  tempera¬ 
ture  drive  step.  Furthermore  the  processing  window  is 
reasonable  . 


0.0  0.2  0.4  0.6  0.8 


Fig.  1:  Channel  doping  profile  of  the  buried  channel 
PMOST . 

The  source-drain  P+  implantation  was  done  after 
the  apacer  formation,  therefore  the  final  high  temper¬ 
ature  step  (925*0,30  min)  was  used  to  form  an  offset 
graded  drain.  Simulations  of  the  subthreshold  charac¬ 
teristics  of  a  0.5pm  device  with  gateaxide  thickness  of 
12.5  tun  ere  shown  in  figure  3.  The  subthreshold  slope 
is  105  mV/dec  at  V*  =  -3.7  V. 


Fig.  2:  Subthreshold  characteristics  of  an  0.5pm  gate- 
length  PMOST  . 

S.  FABRICATION  PROCESS 

The  devices  were  fabricated  using  direct-write  elec¬ 
tron  beam  lithography.  A  retrograde  n-well  process 
using  standard  LOCOS  field  isolation  was  used.  The 
gate  oxides  were  grown  in  an  oxygen/nitrogen  mixture 
(10  percent  oxygen  by  volume),  the  thickness  was  10 
nm  and  13.5  nm  for  two  different  experiments.  After 
surface  and  bulk  implantations,  0.4  pm  polycrystalline 
silicon  was  deposited  and  doped  by  arsenic  implanta¬ 
tion  (I0l*cm~*).  After  an  anisotropic  gate  etch  and  a 
sidewall  oxidation  step  .spacers  of  0.1  pm  width  were 
formed.  The  source-drain  formation  was  described  in 
the  previous  section  . 

4.  EXPERIMENTAL  RESULTS 

In  figures  3  and  4  the  Is,  -  Vs,  characteristics  of 
an  n-channel  and  a  p-channe!  transistor  with  gate  ox¬ 
ide  thickness  of  10  nm  and  a  gatelength  of  0.5pm  are 
shown.  The  effective  gatelength  of  the  devices  is 
0.35pm.  These  graphs  show  a  good  saturation  be¬ 
haviour  and  a  high  breakdown  voltage.  The  maximum 
transconductance  in  the  saturation  region  w  200  pS/pm 
and  100  pS/pm  for  the  n-  and  p-channel  devices  re¬ 
spectively. 

In  the  linear  region  the  current  drive  capability  is 
limited  by  mobility  degradation  and  series  resistances. 
These  effects  remain  of  importance  in  the  saturation 
region  of  the  p-channel  devices.  The  maximum  mobil¬ 
ity  in  the  linear  region  is  500  cm*  jV s  and  125  cm*/V s 
for  the  n-  and  the  p-channel  transistors  respectively. 
The  series  resistance  for  n-channel  ODD’s 
(AT-  =  7.5  x  10**  cm*)  was  extracted  using  the  gate 
drive  method  (6|.  Values  of  300  flpm  per  side  were 
found. 
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Fig.  S:  It,— Vi,  characteristics  of  an  ODD  n-channel 
transistor.  The  gate  length  and  channel  width  are  0.5 
and  l.S  pm.  N~  dosis  is  7.5  x  10iscm-*  . 


Fig.  5:  Threshold  voltage  of  n-channel  devices  as 
function  of  the  gate  length.  t„  —  13.5  nm  . 


Fig.  4:  Ii,—  Vi,  characteristics  of  a  p- channel  tran¬ 
sistor.  Gate  length  and  channel  width  are  0.5  and  l.S 
pm  . 


Ftg.  6:  Threshold  voltage  of  the  p-channel  devices 
as  function  of  the  gate  length.  /„  =  lOnm  . 


The  dependence  of  the  threshold  voltage  Vt  on  chan¬ 
nel  length  at  a  drain  bias  of  0.1  and  4.1  V  is  shown 
in  figures  5  and  6.  Effects  due  to  charge  sharing  and 
drain  induced  barrier  lowering  are  relatively  small  for 
gate  lengths  larger  than  0.4pm  (n-channel)  and  0.5pm 
(p-channel).  For  these  channel  lengths  the  leakage  cur¬ 
rent  at  V„  =  0  V  and  V*  =  4.1  V  was  below  1  pA /pm. 
The  body  coefficient  K  of  0.5pm  devices  was  0.5  V */*. 
Narrow  width  effects  on  Vt  and  K  were  found  to  be 
negligibly  small.  This  is  caused  by  the  relatively  high 
channel  doping  levels  of  these  small  devices. 

Finally  the  hot  carrier  degradation  of  the  devices 
has  been  studied.  The  n-channel  transistors  with  gate 
length  of  0.5pm  and  0.7pm  were  stressed  at  V*.  above 
5.5  V  and  V,.  such  that  substrate  current  is  maximum. 
As  a  lifetime  criterion,  a  reduction  of  the  device  current 
of  10  percent  at  a  fixed  gate  voltage  and  V*  of  0.1  V 
was  taken. 


The  relative  change  in  the  current  as  function  of  the 
stress  time  is  plotted  in  figure  7.  Extrapolation  of  the 
device  lifetime  versus  1/Vi,  to  5  years  gave  maximum 
allowable  power  supply  voltages  of  4.5  V  and  5  V  for 
the  0.5 pm  and  0.7pm  devices  . 
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Fig.  7;  Relative  variation  of  It,  at  V,,  =  3 V  as 
function  of  the  stress  time  for  an  ODD  n-channel  de¬ 
vice  with  Lftt,  =  0.7pm  . 
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The  p-channel  devices  show  a  different  degradation 
behaviour.  This  is  illustrated  in  figure  8  for  a  0.5pm 
device.  The  stress  conditions  were  V,,  =  -2V  and 
Vu  —  -TV.  It  can  be  seen  in  this  figure  that  a  very 
short  stress  time  results  in  large  changes  in  the  sub* 
threshold  region.  The  leakage  current  increases  by 
several  orders  of  magnitude.  Similar  behaviour  has 
recently  been  reported  by  Koyanagi  et  at  (7),  and  it 
has  been  interpreted  as  hot  electron  induced  punch 
through.  Negative  charge  injected  into  the  gate  oxide 
causes  a  channel  length  shortening  and  this  gives  rise  to 
an  increase  in  punch  through.  Indeed  in  the  larger  de¬ 
vices  the  effects  were  found  to  be  much  smaller.  Thus 
hot  carrier  effects  are  not  negligible  in  half  micron  p- 
channel  transistors  and  an  LDD  or  ODD  type  drain 
structure  has  to  be  used  . 


Half-micron  devices  with  such  an  ODD  drain  structure 
were  fabricated  and  showed  excellent  device  character¬ 
istics,  good  performance  and  low  series  resistance.  Fur¬ 
thermore,  a  6  year  lifetime  at  4.5  V  power  supply  volt¬ 
age  has  been  realised  for  the  n-channel  devices.  The 
p-channe!  devices  showed  strong  hot  carrier  degrada¬ 
tion  and  need  further  improvement. 
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Fig.  8:  Changes  in  the  subthreshold  behaviour  at 
various  stress  times.  Stress  time  in  seconds  is  given  in 
the  figure  . 

5.  CONCLUSIONS 

The  reduction  of  the  hot  carrier  phenomena  requires 
graded  source-drain  junction  profiles  when  N~  doe  is 
higher  than  10uem*  are  used.  Hence  a  high  tempera¬ 
ture  budget  has  to  be  used  when  hot  carrier  degrada¬ 
tion  phenomena  need  to  be  reduced.  Excessive  lateral 
diffusion  under  the  gate  can  be  avoided  by  offset  im¬ 
plantation  of  the  source-drain  dopants.  In  this  way  the 
lateral  electric  field  can  be  strongly  reduced  and  an 
optimum  effective  channel  length  is  obtained. 
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Abstract 

The  design  and  characterization  of  a  high  performance  0.5  pm  channel  CMOS  is  described. 
The  design  features  thin  epi  with  retrograded  n-well,  an  n't  polysilicon  gate  electrode,  12.5  tun 
gate  oxide,  shallow  source/drain  diffusions,  and  thin  self-aligned  titanium  silicides.  To  control 
channel  hot  electron  degradation  effects  in  the  NFET  device  with  3.3V  power  supply,  different 
S/D  junctions  with  graded  profiles  are  investigated.  The  n-well  doping  profile  is  adjusted  to 
provide  adequate  short  channel  threshold  control  and  punch-through  immunity  in  the  buried 
channel  PFET.  In  this  paper,  measured  device  characteristics  will  be  discussed.  Stage  delays  of 
unloaded  inverter  ring  oscillators  down  to  90  pS  are  presented.  Circuit  performance  sensitivities 
to  a  variety  of  parameters  such  as  channel  length,  power  supply  and  series  resistance  are  also 
shown. 


1.  Introduction 

Continuous  scaling  of  CMOS  technology  is  needed  in  or¬ 
der  to  achieve  the  required  high  speed  and  high  packing  den¬ 
sity  for  VLSI.  The  technology  described  in  this  paper  is  aimed 
at  improving  performance  through  scaling  down  channel 
length  by  about  2x  compared  to  a  1  pm  CMOS  design  [1J- 
However,  for  TTL  compatibility,  the  power  supply  is  sealed 
down  by  only  1.5x  to  3.3V.  This  increases  the  electric  field 
intensity  by  about  1.3x  in  the  0.5  pm  technology.  To  control 
channel  hot  electron  degradation  effects  in  the  NFET  device, 
S/D  junctions  with  graded  profile  have  to  be  achieved.  To 
accomplish  this,  both  As/P  double-diffused  and  low  dose  As 
only  junctions  are  investigated  and  discussed  in  Section  4. 
For  process  simplicity  and  higher  hole  mobility,  an  n+ 
polysilicon  gate  is  used  for  both  the  n-  and  p-  channel  devices. 
N-well  doping  profile  is  adjusted  to  provide  adequate  short 
channel  threshold  control  and  punch-through  immunity  in  the 
buried  channel  PFET.  Device  characteristics  and  ring 
oscillato-  performance  data  are  presented  and  discussed  in 
sections  i  and  4  respectively. 

2.  Fabrication  Process  and  Device  Structure 

Process  steps  of  the  CMOS  technology  described  in  ref¬ 
erence  [3]  have  been  used  to  fabricate  experimental  devices 
and  baric  circuits.  Then*  and  p- channel  devices  are  designed 
with  nomine!  channel  length  of  0.4pm  and  0.5  pm  respec¬ 


tively.  An  n+  poly  gate  on  12.5  nm  gate  oxide  and  shallow 
source/drain  junctions  are  used  for  both  FETs  (Fig.  1).  To 
control  channel  hot  electron  degradation  effects  in  the  NFET 
device,  two  types  of  source/drain  junctions  were  fabricated: 
As/P  double-diffused  a.id  low  dose  (<  SElS/cm2)  arsenic- 
only  junctions-  The  n-  channel  FET  is  built  in  a  0.75  0  cm 
p-type  epi-layer  and  the  p-channcl  FET  in  a  retrograded  n- 
well  with  7E16/cm3  surface  concentration.  A  common  BF2 
channel  implant  is  used  to  adjust  the  n -channel  and  p-channcl 
thresholds  to  +0.7  and  -0.7V,  respectively.  Symmetry  of 
thresholds  about  zero  guarantees  maximum  noise  immunity 
for  logic  circuits.  To  maintain  proper  threshold  control  in  the 
short  buried -channel  PMOS,  shallow  channel  doping  profile 
and  S/D  junctions  are  required.  A  0.2  pm  p+  junction  is 
achieved  using  a  silicon  pre-implant  to  amorphizc  the 


FIG.  1.  O.Sum  CMOS  device  cross  sections. 


Dro  in -Source  Current 


substrate  and  avoid  channeling  of  the  subsequent  boron  ion 
implant  [4].  The  implants  are  followed  by  a  short  thermal 
cycle.  Self-aligned  TiSi2  is  formed  over  poly  and  n+/p+ 
diffusions  with  a  sputtered  titanium  film  [6].  A  sheet  resist¬ 
ance  of  4-5  ti/a  is  obtained  and  the  contact  resistance  con¬ 
tributions  (between  HSi2  and  Si)  to  the  device  series 
resistance  is  less  than  300  0  pm  [2,7]  for  both  the  n+  and 
p+  source/drain  regions. 

3.  Device  Characteristics 

As  mentioned  in  Section  2,  graded  S/D  junctions  in  the 
NFET  device  are  required  in  this  technology  to  control  chan¬ 
nel  hot  electron  degradation  effects.  To  accomplish  this,  both 
As/P  double-diffused  and  low  dose  arsenic  only  junctions 
were  investigated.  It  was  found  that  junction  depths 
shallower  than  0.2S  pm  are  difficult  to  achieve  using  As/P 
double-diffused  junctions  due  to  an  enhanced  transient 
phosphorous  diffusion.  The  use  of  As/P  junctions  in  this 
design  results  in  NFET  punch-through  at  0.45  pm  channel 
length  (Fig.  2).  For  channels  longer  than  0.45  pm,  the  NFET 
device  is  adequately  turned  off  at  zero  gate  bias  with  80 
mV/decade  sub-threshold  slope.  For  the  As -only  junction 
case,  the  junction  depth  was  between  0.15  pm  and  0.2  pm. 

V0«3.3  Vsx=0  W£fr=9Mm 


FIG.  2.  Measured  subthreshold  characteristic*  of  N-chonnol  devices. 

(A s/P  S/0  junctions) 

For  such  shallow  junctions,  zero-degree  angle  source-drain 
implantation  is  used  to  avoid  device  asymmetry  due  to  gate 
shadowing  effects.  Device  punch-through  is  avoided  in  this 
case  for  channels  longer  than  0.3  pm  as  shown  in  Fig.  3.  The 
dependence  of  the  punch-through  current  on  junction  depth 
can  be  explained  using  the  2D  device  simulation  shown  in  Fig. 
4.  In  this  figure,  the  sub-threshold  drain  current  at  Vns- 
3.3V  is  plotted  against  the  gate  voltage  for  a  0.3  pm  channel 
length  device  with  different  source/drain  junction  depths. 
Note  that  as  the  source/drain  junction  depth  increases,  the 
sub-surface  component  of  the  drain  current  increases  as  well, 
which  contributes  to  a  higher  off  current.  The  measured  short 
channel  threshold  fall-off  characteristics  of  n-channel  devices 
with  As/P  and  As-only  junctions  is  shown  in  Fig  S.  It  is  in¬ 
teresting  to  note  that  for  both  type  of  junctions,  threshold 
fall-off  is  the  same,  Le.,  independent  of  junction  depths.  This 
is  also  apparent  from  the  device  simulation  results  shown  in 


Fig.  4.  The  reason  for  this  is  that,  for  high  drain  voltage  and 
shallow  S/D  junctions,  the  channel  depletion  width  is  deter¬ 
mined  primarily  by  the  junction  curvature  not  its  depth.  This 
curvature  is  nearly  independent  of  junction  depth  for  very 
shallow  junctions  (<  0.3  pm). 


Gate  Voltage 

FIG.  3.  Measured  subthreshold  characteristics  of  N-channel  devices. 
(As  S/D  junctions) 


FIG.  5.  NFET  measured  threshold  volt 09s  fo*-off. 
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Both  the  As/P  and  the  low  arsenic  dose  result  in  graded 
S/D  junction  profiles  which  reduce  the  peak  electric  field  at 
high  drain  biases.  Hot  electron  reliability  measurements  show 
that  the  As  gradient  is  such  that  the  drain  current  of  a  0-3 
pm  channel  length  device  degrades  by  less  than  20%  when 
DC  stressed  with  3.7  volts  power  supply  for  10  years  as 
compared  to  a  3.9  volts  power  supply  for  the  As/P  case  (Fig. 
6).  The  NFET  device  series  resistance  (source  and  drain) 
measured  using  a  channel  length  extraction  technique  [S]  with 
small  gate-bias  is  about  1250  0  pm  for  the  As/P  case  and  800 
0  tun  for  the  As  case.  This  allows  a  high  saturation 
transconductance  of  140  mS/mm  for  a  nominal  0.4  pm 
channel  length  device  with  As  S/D  junctions  (Fig.  7). 

For  process  simplicity  and  high  hole  mobility,  an  n+ 
poly  silicon  gate  is  used  for  both  the  n-  and  p-channel  devices. 


ID 
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RC.  7.  I-V  choroct«ri«t#cs  of  NFET  with  0.4um  chonnoi  longth. 


ing  profile  and  S/D  junctions  shallow  and  with  relatively  high 
well  doping  concentration,  short  channel  PFET  devices  with 
good  characteristics  are  achievable.  Figure  8  shows  the 
measured  sub-threshold  characteristics  of  p-  channel  devices. 
Note  that  devices  with  0.4  pm  channel  length  are  adequately 
turned  off  at  zero  gate  bias  and  possess  sub-threshold  slopes 
of  95  mV/decade. 


V0--3.3  V^-0  Wejt  “9a*™ 


The  short  channel  threshold  voltage  fall  off  of  p-  channel 
devices  is  shown  in  Fig.  9.  These  characteristics  are  similar 
to  the  NFET  ones  shown  in  Fig.  5  except  that  they  are  dis¬ 
placed  by  a  0-1  p m  increase  in  channel  length.  The  measured 
PFET  device  series  resistance  is  2000  Q  pm.  (source  and 
drain)  and  the  0.5  pm  long  device  exhibits  saturation 
transconductance  of  85  mS/mm  as  shown  in  Fig.  10. 


FIG.  9.  PFET  measured  threshold  voltage  loM-off. 


4.  Circuit  Performance 


This  requires  a  counter  doped  channel  implant  in  the  p- 
cbanncl  device  to  lower  the  threshold  voltage  magnitude.  The 
resulting  buried  p-  channel  device  structure  is  known  to  have 
degraded  short  channel  effects  and  turn-off  behavior.  How¬ 
ever,  by  reducing  the  thermal  cycle  to  keep  the  channel  dop- 


The  depend ance  of  circuit  performance  on  power  supply 
voltage  measored  on  ring  oscillators  is  shown  in  Fig.  11. 
These  ring  oscillators  consist  of  31  stages  of  unloaded  CMOS 
inverters  with  fan-in  and  fan-out  of  1.  They  are  laid  out  with 
1  pm  ground  rules.  The  minimum  gate  delay  measured  at 
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FIC.  10.  I— V  characteristic*  of  PFET  with  o.Sum  ehonnsi  tength. 


FIG.  11.  Measured  delay  of  performance  ring  oscillator. 

3.3V  is  90  pS.  Figure  12  shows  the  performance  of  loaded 
ring  oscillators  with  15  stages  having  fan-in  and  fan-oat  of  3 
in  a  NAND  configuration  with  0.2  pm  loading  capacitance 
(C„)  to  simulate  wiring  capacitance.  Note  that  the  ring 
oscillators  with  NFET  devices  having  As-only  S/D  junctions 
are  about  15%  faster  than  those  with  As/P  junctions.  This 
is  mainly  due  to  additional  device  series  resistance  and  junc¬ 
tion  and  overlap  capacitance  in  the  As/P  case  than  the  As 
case.  At  0.45  pm  channel  length,  9  pm  channel  width,  and 
Vdo-  3  3V,  the  average  stage  delay  is  660  pS  for  the  As 
junctions  case. 

5.  Conclusion 

The  design,  fabrication  and  characterization  of  a  high 
performance  0.5  pm  channel  CMOS  have  been  described. 

Experimental  results  for  n-  and  p-  channel  device  punch- 
through  and  short  channel  threshold  fall  off  have  been  pre¬ 
sented.  Two  NFET  device  designs  were  compared  which 
showed  a  trade-off  between  device  performance  and  reliabil¬ 
ity.  Stage  delays  of  unloaded  lovelier  ring  oscillators  were 
measured  down  to  90  pS.  Circuit  performance  sensitivities 
to  channel  length,  power  supply  and  series  resistance  were 


FIC.  12.  Delay  of  loaded  CMOS  ring  oscillator*. 


shown. 
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We  present  a  critical  discussion  of  the  Monte  Carlo  simulation  as  applied  to  semiconductor  device 
modelling.  The  advantages  and  limitations  of  such  approach  are  discussed  and  compared  with  more 
traditional  simulators.  Critical  points  are  pointed  out  and  analyzed.  A  variety  of  applications  to 
different  structures  is  then  outlined. 


1.  INTRODUCTION 

The  Monte  Carlo  technique  [l]  is  a  fairly  new  tool 
in  the  area  of  device  modeling,  traditionally  dominated 
by  simulators  based  on  drift-diffusion  or  on  balance- 
equation  models  (for  an  overview  of  the  subject  see 
Ref.  2).  Depending  on  the  complexity  of  the  simulated 
device,  two  main  approches  are  generally  followed.  In 
the  first  one,  a  one  particle  Monte  Carlo  (OPMC)  sim¬ 
ulation  is  performed  on  a  given  fixed  potential  previ¬ 
ously  determined.  In  the  second  one,  the  traditional 
Monte  Carlo  simulation  is  performed  for  many  particles 
in  parallel  (EMC)  and  coupled  to  Poisson's  equation 
in  order  to  obtain  the  self-consistent  potential  consis¬ 
tent  with  the  charge  distribution  given  directly  by  the 
Monte  Carlo  procedure. 

Since  no  arpriori  assumptions  are  needed  on  the 
form  of  the  real  and  k-space  carrier  distributions,  a 
Monte  Carlo  simulator  is  the  only  reliable  tool  for  the 
investigation  of  those  physical  phenomena  that  criti¬ 
cally  depend  on  the  shape  of  the  distribution,  or  on  the 
details  of  its  tail  (such  as  electron  injection  over  poten¬ 
tial  barriers).  Furthermore,  the  Monte  Carlo  technique 
allows  us  to  focus  on  particular  physical  mechanisms 
that  might  be  of  importance  on  the  device  performance 
(for  example,  intercarrier  scattering,  impact  ionization, 
generation-recombination,  etc.).  The  prices  one  has 
to  pay  are  a  very  time-consuming  algorithm,  and  the 
requirement  of  a  complete  knowledge  of  the  physical 
system  under  investigation.  Often  many  assumptions 
have  to  be  made  in  order  to  reduce  the  complexity  of 
the  model  describing  a  given  device. 

The  problem  of  the  boundary  conditions  is  of  ex¬ 


treme  importance  in  the  M.C.  simulation  of  semicon¬ 
ductor  devices.  Especially  when  the  dimensions  of  the 
active  region  of  a  device  are  reduced  below  the  micron 
limits,  the  overall  performance  of  the  device  is  largely 
controlled  by  contacts  and  boundaries. 

Clearly,  it  will  not  be  possible  to  exhaust  the  com¬ 
plexity  of  the  M.C.  simulation  of  devices  in  such  a 
short  review.  Sec.  2  will  present  a  short  description 
of  a  generic  M.C.  simulator,  followed  by  an  overview 
at  today’s  state  of  the  art,  outlining  the  area  of  ap¬ 
plicability  of  the  M.C.  method,  its  advantages  and  its 
drawbacks.  Many  of  the  devices  that  have  been  mod¬ 
eled  using  a  Monte  Carlo  method  constitute  very  com¬ 
plicated  systems,  where  high  electron  densities,  sharp 
doping  profiles,  size  quantization  and  heterojunctions 
between  different  materials  are  present,  thus  requir¬ 
ing  very  sophisticated  algorithms.  Sec.4  will  deal  with 
special  features  such  as  Pauli  exculsion  principle,  tun¬ 
neling  and  high  energy  effects.  A  complete  overview  of 
the  Monte  Carlo  simulation  of  semiconductor  devices 
will  be  presented  in  a  forthcoming  book  [3]. 

2.  DEVICE  SIMULATION 

In  recent  years  the  Ensemble  Monte  Carlo  (EMC) 
has  been  widely  used  to  study  the  properties  of  semi¬ 
conductor  devices.  Particular  emphasis  has  been  lately 
attributed  to  submicron  structures,  because  of  their 
performances  in  switching  and  high  frequency  opera¬ 
tions  [4].  Once  the  basic  physics  involved  in  the  trans¬ 
port  of  such  devices  Is  known, EMC  simulation  provides 
a  formidable  tool  to  determine  their  limits  and  charac¬ 
teristic s  and  can  be  very  helpful  in  modeling.  Together 
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with  the  determination  of  the  macroscopic  properties 
of  a  device,  EMC  also  gives  a  microscopic  description 
of  the  weal  electric  field,  charge  density, velocity  distri¬ 
bution,  etc. 

A  flow  chart  of  a  generic  M.C.  device  simulation 
is  shown  in  Fig.l.  The  basic  steps  are  : 

i)  Charge  assignement.  A  mesh  of  cells  is  set  up  and 
the  charge  of  each  particle  is  assigned  to  a  particular 
mesh  point.  Since  it  is  not  possible  to  simulate  all  the 
electrons  present  in  a  real  device,  each  simulated  par¬ 
ticle  represents  a  cloud  of  electrons  for  the  purpose  of 
estimating  currents,  charge  and  field  distributions.  For 
all  other  purposes,  each  individual  particle  carries  its 
elementary  charge  e.  The  doping  charge  is  also  added 
to  the  mesh  according  to  its  distribution. 

ii)  Potential  solution.  Poisson’s  equation  is  solved  to 
determine  the  electrostatic  potential  at  the  mesh  points. 
This  is  usually  done  in  a  very  efficient  way  by  using 
Fast  Fourier  Transform  techniques.  The  electrostatic 
field  field  is  then  obtained  from  the  potential  with  a 
finite-difference  algorithm. 

iii)  Flights.  Each  particle^iow  treated  as  an  individ¬ 
ual  electron,  undergoes  the  standard  MC  sequence  of 
scatterings  and  free  flights,  subject  to  the  local  field 
previously  determined  from  the  solution  of  Poisson’s 
equation.  The  MC  sequence  is  stopped  at  fixed  times, 
when  the  field  is  adjusted  following  the  steps  described 
above.  For  OPMC  techniques,  the  potential  and  field 
profiles  are  calculated  at  the  beginning  of  the  simula¬ 
tion,  and  only  step  iii)  is  performed.  A  detailed  discus¬ 
sion  of  those  issues  is  given  in  Ref.  5. 

The  description  of  the  problem  is  completed  by 
setting  initial  and  boundary  conditions.  The  initial 
conditions  are  not  so  important,  since  only  the  self- 
consistent  steady-state  result  is  usually  retained.  Bound-! 
ary  condition*  are  instead  crucial,  in  particular  in  sub- 
micron  devices,  where  contact  properties  drastically  in¬ 
fluence  the  whole  behavior  of  the  device. 

Traditionally,  device  simulators  have  been  based 
on  drift  diffusion  (DD)  or  on  balance  equation  (BE) 
models.  Both  of  them  are  faat  and  reliable  as  long  as 
a  local  deacription  of  the  physical  phenomena  in  the 
device  is  possible.  That  is,  when  the  carriers  can  he 
described  by  a  distribution  characteristic  of  the  given 
field  present  in  every  of  the  device.  Such  an  assumption 


breaks  down  when  the  device  dimension  are  small  (typ¬ 
ically  below  one  micron),  and  high  fields  set  up,  leading 
to  non-local  phenomena.  More  specifically,  when  the 
field  inside  the  device  varies  appreciably  over  length 
comparable  with  the  electron  mean  free  path,  the  elec¬ 
tron*  at  a  given  position  carries  information  about  the 
field  value  at  another  position,  and  the  trasport  process 
becomes  a  non  local  phenomenon.  The  inclusion  of  the 
energy  balance  equation  allows  to  incorporate  some  of 
these  effects,  at  the  cost  of  a  much  heavier  computa¬ 
tion.  The  Monte  Carlo  technique,  which  is  inherently 
non  local,  lends  itself  very  well  to  the  simulation  of 
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Fig.  1  Flow  chart  of  a  typical  Monte  Carlo  device 
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no#  stationery  transport  in  dvekes.  The  discrepancy 
between  local  models  and  the  EMC  have  been  clearly 
outlined  by  several  authors  [8,7,8]. 

A  fist  of  MC  simulators  present  in  the  literature 
is  shown  in  Tab.  1,  together  with  the  specific  algo¬ 
rithm,  and  the  respective  references.  The  prototype, 
and  hysterically  the  first  self  consistent  MC  program, 
was  applied  to  a  MESFET  structure  by  Hockney  and 
coworkers  at  Reading  University  [5,8].  The  charge  as¬ 
signment  and  Poisson  solver  were  based  on  algorithm 
devked  in  the  contest  of  plasma  simulations.  These  al¬ 
gorithms  have  been  so  successful  that  they  are  adopted 
by  most  of  the  self  consistent  MC  programs. 

A  large  class  of  devices  (MOSFET,  bipolar  transis¬ 
tors,  HEMTS,  etc)  are  characterised  by  areas  with  high 
doping  (and  free  electron)  concentrations,  low  electric 
field  and  retardind  barriers.  The  direct  simulation  of 
electronic  motion  in  these  regions  can  be  terribly  time 
consuming.  In  contrast,  more  traditional  simulators, 
such  as  (DD)  schemes,  can  be  applied  to  such  a  situ¬ 
ation  in  a  reliable  and  straightforward  way.  A  hybrid 
method  (HYMC)  has  been  proposed  [22,23]  that  com¬ 
bines  the  two  techniques,  by  relying  on  the  fast  DD 
simulators  for  low  field  areas,  and  on  the  direct  MC 
simulation  where  step  gradients  of  the  potential  cre¬ 
ate  the  condition  for  hot  carriers.  Although  excellent 
in  principle,  the  hybrid  technique  (also  called  regional 
MC)  requires  a  very  accurate  handling  of  the  boundary 
conditions  at  the  interface  between  the  various  region 
which  ,in  our  opinion,  has  not  yet  been  obtained. 


Device 

Simulation 

Reis 

MESFET 

SSMC 

6,8,9,10 

HEMT 

SSMC 

11,12 

MOSFET 

ONMC.SSMC 

13,14,15 

HBT 

HYMC 

4 

BIPOLAR 

HYMC 

16 

PDB 

EMC 

17,18 

THETA 

SSMC 

19,20 

PBT 

HYMC 

21 

Thb.  1  List  of  semiconductor  devices  simulated 
by  Monte  Carlo  methods 


3.  SPECIAL  FEATURES 

In  the  following  section,  we  focus  on  special  as¬ 
pects  of  the  MC  simulation  that  are  non  generally  con¬ 
sidered  because  of  their  difficulty,  although  they  can  be 
of  great  importance  in  the  device  performance. 

3.1  Pauli  Exclusion  Principle 

Electrons  obey  the  Fermi-Dirac  statistics  and  then 
must  satisfy  the  Pauli  Exclusion  Principle.  This  means 
that  not  all  the  states  are  available  because  only  one 
electron  can  reside  in  each  state.  This  aspect  is  not  very 
important  in  nondegenerate  case  and  electrons  are  dis¬ 
tributed  in  a  large  interval  of  states;  in  the  degenerate 
case  the  problem  becomes  more  conspicuous.  In  GaAs 
the  electrons  are  degenerate  for  T  <  300 K  and  for 
n  >  4.6  x  103tm~3.  This  is  the  case  for  many  devices 
of  interest.  Degeneracy  is  equivalent  to  a  many  body 
interaction  which  reduces  the  phase  space  available  for 
the  electron  final  state  in  an  induced  transition. 

If  p(k)  and  p(k')  are  the  probabilities  that  respec¬ 
tively  the  initial  and  final  state  are  occupied,  the  total 
rate  of  transition  P(k,k')  between  two  different  states 
is  given  by  P(k,k')  =  p(k)  x  S(k,k')  x  [1  -  p(k')]. 
Normally  a  semiclassical  Monte  Carlo  works  with  the 
appraximatio  p(k')  =  0  because  all  the  states  are  con¬ 
sidered  available  as  final  states.  The  inclusion  of  PEP 
is  then  essentially  the  inclusion  of  this  term  in  the  to¬ 
tal  scattering  rate.  In  Ensemble  Monte  Carlo  this  is 
obtained  very  easily  because  the  particle  distribution 
is  known  step  by  step.  The  algorithm  generating  the 
distribution  function  is  set  up  by  multiplying  the  scat¬ 
tering  probability  by  the  correction  factor  1  —  p(k'); 
p(k')  is  determined  self  consistently  and  a  rejection 
technique  is  used  after  selecting  the  final  state  with¬ 
out  the  correcting  Pauli  factor  [24]. 

3.2  MOSFET  simulation 

One  of  the  most  important  phenomenon  in  MOS- 
FET’s,  and  in  general  of  submicron  devices,  is  the  heat¬ 
ing  of  the  channel  electrons.  As  pointed  out  earlier, 
the  EMC  is  most  suitable  technique  in  the  presence  of 
transient  phenomena  [25],  On  the  other  side,  the  EMC 
poses  considerable  problems  in  MOSFET  simulation, 
due  to  the  very  high  doping  of  source  and  drain  regions. 
A  2D  OPMC  has  been  proposed  [15]  that  presents  the 
following  Innovative  features: 

a)  Using  a  piece-wise  linear  approximation  of  the  elec- 
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trie  field,  the  carrier  motion  equation  are  integrated 
analytically  within  each  sector  of  the  space  grid  thus 
avoiding  time  consuming  numerical  procedures. 

b)  All  the  boundaries  of  the  simulation  domain,  of 
course  except  that  along  the  Si  -  SiOj  interface,  have 
been  fixed  within  low  field  device  regions  so  that  elec¬ 
trons  can  be  injected  with  safe  initial  conditions  (ther¬ 
mal  distribution)  and  get  out  only  after  exhausting 
all  important  physical  effects.  This  choice  overcomes 
the  questionable  use  of  the  boundaries  posed  by  the 
HYMC. 

c)  An  original,  efficient  algorithm  has  been  implemented 
to  calculate  the  appropriate  duration  of  the  free  flights 
(depending  on  the  actual  carrier  status).  The  method 
which  is  baaed  on  a  space  dependent  definition  of  the 
scattering  rate  (26],  leads  to  a  drastic  reduction  in  the 
number  of  eetfscatterings  thus  allowing  large  saving  in 
computation  time  (more  than  one  order  of  magnitude 
compared  with  the  conventional  approaches). 

d)  The  low  injection  efficiency  of  electrons  from  the 
n+  source/  drain  regions  into  the  device  channel  has 
been  overcome  by  means  of  the  sample  multiplication 
technique  suggested  in  Ref.(27|  to  deal  with  rare  carrier 
configurations.  A  multiplication  technique  of  the  same 

type  been  systematically  used  to  reasonably  populate 
the  upper  tails  of  the  electron  ED  with  an  affordable 
number  of  total  simulated  particles.  Good  agreement 
with  experimental  values  has  been  found,  despite  the 
simplicity  of  the  physical  model  used  to  reproduce  the 
MOS  structure. 

3.3  Shottky  Diode  Simulation 

Metal-semiconductor  contacts  are  of  great  impor¬ 
tance  in  a  number  of  semiconductor  devices,  whose  ap¬ 
plications  range  from  high-speed  logic  to  microvawes. 
As  the  dimensions  of  these  devices  reach  the  submi- 
cron  limit,  contacts  become  the  limiting  factor  for  the 
performance  in  the  ballistic  or  quasi-ballistic  mode  of 
operation.  In  the  earns  limit,  the  standard  theory  of 
Schottky  barriers  becomes  leas  and  less  accurate. 

A  simulation  of  a  1-D  metal-n  -  n+  structure  has 
been  proposed  (28],  that  presents  an  interesting  system 
in  that  the  device  is  never  charge  neutral,  except  under 
flat-band  condition.  This  is  due  to  the  presence  of  s 
depletion  or  an  accumulation  region  near  the  interface. 


Since  the  value  of  the  electric  field  at  the  two  bound¬ 
aries  x  —  0  and  x  =  to  (see  Fig.2)  is  related  through 
Gauss'  law  to  the  net  charge  inside  the  device,  it  is  nec¬ 
essary  to  allow  the  number  of  the  electrons  simulated 
to  vary  during  the  simulation,  as  a  constant  number 
of  the  electrons  would  give  incorrect  results.  In  this 
respect,  a  novel  scheme,  based  on  a  cubic  Hermite  col¬ 
location  method  to  solve  the  1-D  Poisson’s  equation 
has  been  introduced.  The  value  of  the  electric  field  on 
the  x  =  0  boundary  is  obtained  without  any  loss  of 
precision,  and  allows  to  obtain  directly  the  value  of  the 
current  through  that  interface.  By  carefully  control¬ 
ling  the  flux  of  the  electrons  in  the  two  directions,  it 
is  possible  to  update  constantly  the  numbers  of  elec¬ 
trons  simulated,  in  accordance  to  the  field  distribution 
inside  the  device.  In  this  way,  the  interface  at  x  =  0 
is  modelled  as  a  perfectly  injecting  contact.  The  metal 
contact  at  *  =  to  acts  as  an  absorbing  boundary:  elec¬ 
trons  with  energy  sufficient  to  overcome  the  barrier  are 
injected  into  the  metal. 

The  tunneling  probability  for  an  electron  with  en¬ 
ergy  e  at  a  distance  x  from  the  interface  is  given  by 

T(e)  S  exp  -2/ft  j  dx2m*|9K(x)  -  e]±  (1) 

where  m*  is  the  effective  mass,  V  the  potential  seen 
by  the  electron,  and  h  is  Plank’s  constant.  As  a  M.C. 
electron  reaches  the  barrier,  the  tunneling  probability 
ia  calculated  from  (l)  using  a  parabolic  least  square 
interpolation  of  the  potential  V  (x)  obtained  from  the 
solution  of  Poisson’s  equation.  A  random  number  is 
then  used  to  decide  whether  the  electron  will  tunnel  or 
not.  It  is  Important  to  notice  that  no  assumptions  on 
the  electron  distribution  function  near  the  contact  or 
on  the  shape  of  the  potential  barrier  are  needed. 

The  validity  of  the  self-consistent  algorithm  has 
been  verified  by  comparing  the  equilibrium  potential 
distribution  (reflecting  the  shape  of  the  conduction  band) 
obtained  from  the  E.M.C.  simulation  with  the  result  of 
an  iterative  process  which  combines  the  use  of  Fermi- 
Dirac  statistics  and  Poisson’s  equation.  At  room  tem¬ 
perature  and  moderate  electron  densities,  current  is 
provided  solely  by  thermoionic  processes.  Higher  den¬ 
sities  cause  a  narrowing  of  the  barrier,  thus  increasing 
the  tunneling  probability.  The  method  indicates  that 
significant  tunnel  currents  start  to  appear  for  electron 
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concentrations  above  5  x  lO^ctn-8.  This  indicates  that 
the  method  proposed  here  might  be  suitable  also  for  the 
simulation  of  ohmic  contacts. 

In  summary,  we  have  presented  a  critical  overview 
of  Monte  Carlo  simulations  of  semiconductor  devices, 
outlining  various  approaches  present  in  the  literature, 
and  areas  of  applicability 
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Fig.  2  Potential  profile  in  the  simulated  Shottky 
diode. 
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This  paper  presents  a  Monte  Carlo  study  of  diffusion  and  noise  in  two-dimensional 
electron  gas  (2DEG)  in  hetero junctions .  This  is  mainly  achieved  via  the  calcula¬ 
tion  of  velocity  fluctuations  correlation  functions  of  the  2DSG  subjected  to  a 
driving  field  applied  along  the  channel.  It  is  found  that  at  rather  low  fields  when 
tl»e  carriers  have  a  real  two-dimensional  motion,  the  parallel  correlation  functions 
show  oscillations  which  we  analyse  in  terns  of  scattering  rates.  This  gives  rise 
to  2DBG  resonant  noise  spectra  whose  resonance  frequency  is  very  nearly  proportio¬ 
nal  to  tlie  driving  field  strength. 


As  it  is  well  known,  one  of  the  major  advan¬ 
tages  of  Hot  Electron  Mobility  Transistors  (HEMT) 
comes  from  the  fact  that  they  present  a  good 
noise  figure  associated  with  a  high  gain  at  mi¬ 
crowave  frequencies ,  as  compared  to  the  normal 
MESFET  1 1 1 .  There  are  at  least  four  main  sources 
of  noise:  diffusion  noise,  shot  noise,  G-R  noise 
and  1/f  noise.  At  high  frequency,  the  only  which 
prevails  is  diffusion  noise.  For  these  reasons, 
diffusion  coefficients  have  bean  extensively  stu¬ 
died  in  a  recent  past  for  a  number  of  bulk  mate¬ 
rials:  Si,  GaAs,  InP,  GalnAs  | 2 1— 1 6  | . 

THE  MODEL 

Basically,  In  any  Monte  Carlo  model,  two  ensem¬ 
bles  of  data  are  needed:  i)  the  energy  bands  in 
which  the  carriers  move;  ii)  the  various  scattering 
probabilities. 

Our  simulations  being  aimed  at  obtaining  valu¬ 
able  results  for  real  structures,  the  following 
structure  has  been  considered.  From  the  GaAs  SI- 
substrata,  an  undoped  (*)  GaAs  buffer  layer  is 
grown,  followed  by  an  undoped  AlxGa1.xAs  (x=0.3) 
spacer  and  a  Si -doped  (Nj  =1  .  GxlO^cm-S)  AlGaAs 
(x-0.3)  layer  on  which  a  metal  gate  is  deposited. 
The  widths  are  1pm,  60  A,  and  625  A  respectively . 

i)Enargy  bands.  On  the  GaAs  side  of  the  hetero¬ 
junction  a  potential  well  is  formed,  the  shape  of 
which  is  controlled  by  the  electron  charge  trapped 
in  it,  which  in  turn  is  controlled  by  the  gate 


bias  voltage. 

The  subbands  are  obtained  by  a  self-consistent  so¬ 
lution  of  the  Schrodinger  and  Poisson  equations 
in  which  we  assume  an  electron  effective  mass  to 
remain  valid  1 7  I ,  I  8 1  and  an  apparent  activation 
energy  of  the  dopant  in  the  AlGaAs  layer  1 9  | . 

ii)  Scattering  probabilities.  Detailed  accounts 
on  the  way  in  which  2DBG  scattering  probabilities 
can  be  evaluated  can  be  found  in  a  number  of  re¬ 
ferences  t 10| — | 14 | . 

The  conduction  band  scheme  appears  as  conduc¬ 
tion  bands  of  a  normal  AlGaAs-GaAs  system  connec¬ 
ted  to  a  subsidiary  T  valley  in  GaAs  where  the 
subband  structure  is  fully  taken  into  account.  At 
low  fields,  the  carriers  move  essentially  in  the 
latter.  Of  course,  we  allow  transitions  between 
2D  states  and  3D  states  to  occur  in  which  the 
localized  electron  wave-functions  in  the  sub-T 
valley  play  an  essential  role.  A  full  account  of 
this  part  of  the  model  can  be  found  in  ref. 15. 

SIMULATION  RESULTS 

We  will  now  first  show  and  illustrate  veloci¬ 
ty  fluctuations  correlation  functions,  since 
their  Fourier  Transforms  gives  the  diffusion  noise 
power  spectra  which  in  principle  can  be  directly 
measured  experimentally  1 16 1 .  Figures  la,b  show 
parallel  and  transverse  correlation  functions  at 

driving  fields  of  200  and  600  V/cm  respectively. 

12 

All  these  results  were  obtained  with  n  =1.1x10 
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CORRECTION  FUNCTIONS 
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•  Parallel  fluctuations 
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Fig.  1.  In  (a)  parallel  and  transverse  correla¬ 
tion  functions  computed  at  200  V/cm  for  n  ,  =1 . lx 
10*  car-2  and  77  K.  In  (b)  the  sane  are  computed 
at  600  V/cai.  The  ftmctions  are  reduced  to  1  at  t=0. 


cm-2  at  77  K.  One  observes  that  while  transverse 
correlation  functions  exhibit  a  nearly  exponential 
time  decay,  the  parallel  correlation  functions 
exhibit  strong  oscillations  whose  amplitudes  also 
decay  in  tine.  Me  have  noticed  that  the  pseudo- 
period  of  these  oscillations  is  inversely  propor¬ 
tional  to  the  electric  field  strength,  and  the 
oscillations  disappear  at  vanishing  fields  and 
above  1000  V/cn.  Me  have  noticed  that  the  wpli- 
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Fig  2.  Parallel  and  transverse  correlation  func¬ 
tions  calculated  at  200  V/cm  for  n,  =lxl011  cm-2 
and  77  K.  The  functions  are  reduced  to  1  at  t=0. 

tudes  of  these  oscillations  decrease  as  nt  is 
lower.  This  is  illustrated  in  fig.  2  where  the 
correlation  functions  calculated  at  200  V/cm  at 
77  K  with  n,  -lxlO1'  cm-2  are  displayed.  The  cor¬ 
responding  noise  power  spectra  of  these  various 
cases  are  shown  in  figs.  3a, b  and  in  fig.  4. 

In  the  next  section  we  propose  an  explanation 
for  this  phenomenon . 

Mean-square  displacements  can  also  be  evaluated 
in  the  simulations.  An  example  is  shown  in  fig. 5 
in  a  case  where  E=  600  V/cm  and  n  -1 .  lxlo'2cm-2 
at  77  K.  Linearity  is  clearly  observed  at  tiroes 
greater  than  50  ps. 

DISCUSSION  and  COMMENTS 

The  fact  that  a  velocity  correlation  func¬ 
tion  may  exhibit  oscillations  had  been  anticipated 
by  Ferry  and  Barter  |17|  based  on  a  simple  Shock- 
ley  model.  In  our  case  this  can  be  understood  in 
the  following  way.  The  various  assumptions  in  the 
model  are:  i)  in  the  quantum  well  polar  optical 
phonon  scattering  dominates  and  is  strongly  ani¬ 
sotropic  (small  angle  scatterings  only  are  impor¬ 
tant),  phonon  absorption  is  always  weak,  while 
phonon  emission  becomes  very  important  as  soon  as 
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Fig.  3.  Parallel  (o)  and  transverse  (x)  noise 
power  spectra. (a):  spectrum  of  fig  la. 

(b) :  spectrum  of  fig.  lb.  The  spectra  are  redu¬ 
ced  to  1  at  zero  frequency. 
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Fig  4.  Parallel  (a)  and  transverse  (x)  noise 
power  spectra  of  the  correlation  functions  of 
fig.  2. 

the  electron  energy  reaches  the  energy  of  the 
phonon,  namely  35.4  meV;  piezo-electric  scatte¬ 
rings  exist  but  are  elastic  and  anisotropic;  elas¬ 
tic  acoustic  scatterings  are  radooizing  (strongly 
isotropic)  at  a  constant  scattering  rate  jlOf; 
impurity  scattering  (elastic)  is  anisotropic  and 
rather  weak  due  to  the  presence  of  the  spacer 


Fig.  5.  Parallel  (1)  and  transverse  (2)  mean- 
square  displacements  of  a  bunch  of  carriers  com¬ 
puted  at  600  V/cm  for  n,  =1 .  lxlO12  cro-2  at  77  K. 


layer,  ii)  At  n  =1 . lxlO12  cm-2  the  separation  bet¬ 
ween  the  ground  and  second  subbands  is  37  meV;  at 
lxlO11  cm-2  it  is  16  meV. 

If  we  considered  that  polar-optical  phonon 
(POP)  scattering  acted  alone,  than  a  carrier  with 
a  zero  velocity  at  the  beginning  would  be  accele¬ 
rated  until  its  energy  reaches  POP  energy,  at  which 
time  it  would  be  very  likely  to  emit  a  phonon  and 
have  its  energy  sent  back  near  the  subband  edge. 

The  time  needed  for  this  process  to  occur  is 

T  =  l/qE.(2m*htupop)V*  ,  (1) 

in  which  case  the  velocity  fluctuations  correlation 
function  would  exhibit  oscillations  with  the  period 
T  ,  velocity  states  separated  by  T  would  almost 
completely  correlate,  the  correlation  function 
would  decay  very  slowly  or  not  at  all.  In  our  case 
though,  the  additional  collisions  mainly  due  to 
isotropic  acoustic  phonon  scattering  randomize  at 
a  rather  slow  rate  the  electron  velocity  during 
the  acceleration  periods  and  thus  have  two  main 
effects:  the  oscillations  will  be  danped  due  to 
these  extra  collisions,  the  pseudo-period  will  be 
slightly  shorter  than  T  but  the  1/E  dependence 
should  be  preserved.  This  is  exactly  what  we  obser¬ 
ved  from  the  simulated  correlation  functions.  We 
summarize  the  results  in  Table  1 . 

The  analysis  of  the  anplitudes  of  the  oscilla¬ 
tions  Is  less  easy.  Figure  la,b  shows  examples 
where  the  separation  between  the  first  two  subbands 


Field 

TABLE  1 

Period  T 

M.C.  period 

100  V/ca 

16.4  ps 

15.8  pe 

200 

6.2 

8 

.400 

4.1 

3.6 

600 

2.7 

2.2 

is  larger  than  the  POP  energy.  In  that  case  inter¬ 
subband  transfer  assisted  scattering  is  very  weak; 
the  fact  that  the  amplitudes,  whan  the  field  is 
higher,  are  less  important  is  a  result  of  the  in¬ 
creasing  number  of  POP  collisions  which  are  small 
angle  but  non-zero  angle  collisions.  Figure  2 
shows  a  case  where  the  separation  between  the  first 
two  subbands  is  much  lower  than  the  POP  energy. 
Inter-subband  transfer  assisted  scattering  is  ouch 
stronger  than  in  fig.  la,  and  as  a  result  a  signi¬ 
ficant  portion  of  the  electron  kinetic  energy  is 
transformed  into  potential  energy,  thus  reducing 
velocity  fluctuations  while  preserving  the  perio¬ 
dicity  of  the  motion  which  is  a  function  of  the 
field  and  POP  energy  only. 

We  also  have  analyzed  these  observations  by 
comparing  them  with  similar  simulations  of  elec¬ 
trons  in  bulk-GaAs  at  77  K.  In  that  latter  case  no 
oscillations  were  observed  in  the  range  of  fields 
of  interest  here.  We  believe  this  to  be  a  result 
of  the  fact  that  elastic  acoustic  scattering  rate 
increases  with  energy  instead  of  remaining  a  cons¬ 
tant  as  for  two-dimensional  electrons.  Then  the 
oscillatory  nature  of  the  electron  notion  induced 
by  PGP  collisions  would  be  probably  lost. 

Diffusion  noise  spectra  are  obtained  from  cor¬ 
relation  functions  via  Fourier  transforms  I  3 ! . 

The  oscillatory  nature  of  correlation  functions 
is  reflected  in  spectra  through  the  presence  of  a 
resonance  frequency  equal  to  1/T  .  This  clearly 
appears  in  figs.  3a  and  4,  where  at  200  V/cra  re¬ 
sonance  occurs  near  120  ®z.  In  general  as  frequ¬ 
ency  increases,  noise  power  at  first  decreases 
and  than  increases  more  or  less  sharply  at  the 
resonance  frequency.  Above  the  resonance,  noise 
power  decays  down  to  zero.  In  contrast,  In  the  di¬ 
rection  transverse  to  the  field  axis,  noise  power 
spectra  decay  monotonously  to  zero. 


Az  a  conclusion,  it  is  interesting  to  note  that 
this  kind  of  behaviour  in  the. low  field  range  at 
rather  low  temperature  Is  typical  of  a  two-dimen¬ 
sional  electron  system  as  it  is  represented  by  our 
model.  In  the  bulk,  In  the  same  conditions,  no  re¬ 
sonance  occurs  unless  the  field  Is  greater  than 
the  threshold  field  for  intervalley  transfer. 
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MONTE -CARLO  SIMULATION  OF  CLASSICAL  AND  INVERTED  MODFET  STRUCTURES 
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INTRODUCTION 

MOOFET  structures  consist  mainly  of  a  heterojunction 
located  between  a  larger  band  gap  highly  doped  material 
and  a  smaller  band  gap  undoped  material.  The  carriers  of 
the  larger  band  gap  material  diffuse  into  the  smaller  band 
gap  material  where  they  confine  near  the  heterojunction 
interface  to  form  a  two-dimensional  electron  gas  (2DEG). 
The  main  interest  of  these  structures  is  that  the  carriers  of 
the  2DEG.  as  they  are  not  submitted  to  impurity  scattering, 
can  achieve  high  mobilities  and  velocities.  The  principal 
drawback  of  the  conventional  MOOFET  structure  is  that, 
because  of  the  gate  potential,  carriers  increase  their 
energy,  leave  the  two-dimensional  electron  gas  and 
deeply  penetrate  the  GaAs  layer  and  even  the  substrate. 
Therefore  this  process  results  in  a  reduction  of  the 
transconductance  Gm  and  in  a  high  value  of  the  output 
conductance  Gd.  A  solution  to  this  problem  is  the  use  of 
an  Inverted  Structure  in  which  the  heterojunction  is  located 
behind  the  20EG  and  should  reduce  the  penetration  of  the 
carriers  into  the  buffer  layer  and  improve  the  performance 
of  the  device.  A  simulation  was  carried  out  to  study  and 
analyze  the  various  .  physical  aspects  and  the  potential 
performances  of  both  conventional  and  inverted  structures 
1-GaAa/N*  -AiGaAs. 

THEMOOEL 

As  not  stationary  dynamic  effectsfovershot,  ballade  effect) 
occur  in  these  submicronic  structures  the  method  used 
must  take  these  effects  into  account  A  Monte  -  Carlo 
method  was  used,  allowing  as  to  account  for  not  stationary 
dynamic  phenomena,  then  a  two-dimensional  solution  of 
poiaaon  aquation  was  associated  so  as  to  account  for  the 
bidimensiona!  spatial  effects  which  can  become  important 
when  the  dimensions  of  the  devices  studied  are  very  small. 
Nevertheless,  this  model,  like  other  models  [1]  consider  the 
two-dimensional  electron  gas  carriers  as  bulk  carriers  and 
do  not  take  into  account  the  effects  linked  to  the  energy 
quantification  In  the  conducting  channel.  There  exist  more 
sophisticated  models  (2)  (3)  which  partially  taka  into 
account  the  quantum  effect  and  necessitate  longer 
computing  tlmaa  but  apparently  do  not  yield  vary  different 
reautts. 

CONVENTIONAL  MOOFET 

Conventional  MOOFET  structure  consist  mainly  of  a  GaAs 


buffer  layer  on  which  is  grower  first  an  undoped  active 
GaAs  layer  and  then  an  heavily  doped  AiGaAs  layer  on 
which  the  gate  is  deposited.  The  2DEG  is  located  in  the 
undoped  GaAs  layer,  at  the  GaAs/AIGaAs  interface.  We 
simulated  a  0.3  pm  gate  length  (Lg)  conventional  structure 
with  a  400A  thick  (a)  AiGaAs  layer,  doped  to  101*  at/cm3 
(Nd),  the  aluminium  composition  of  which  being  30%. 

For  this  structure  the  theoretical  pinch -off  voltage  is  t.S 
Volt,  given  by  the  relation  : 

Vp-qN„a2/2  £  +AEC 

where  AEC  is  the  conduction  band  discontinuity. 

In  figure  1 ,  are  presented  the  variations  of  the  drain  current 
Ids,  the  transconductance  Gm  and  cut-off  frequency  Fc 
versus  the  internal  gate  voltage  Vgs-Vbi  (where  Vbi  is  the 
built-in  potential)  at  room  temperature. 

These  curves  exhibit  two  different  features  depending  on 
gate  bias.  For  gate  voltage  lower  then  -qNaa72t •  -1.2 
V,  the  AiGaAs  upper  layer  is  completely  depleted  ,  then  the 
drain  current  is  only  due  to  the  2DEG  and  the 
transconductance  Gm  varies  almost  linearly  with  gate 
voltage.  For  gate  voltage  greater  than  -1.2  V,  current 
conduction  occur  in  the  AiGaAs  layer  givingrtse  to  a  * 
MESFET  like  ’  contribution.  The  Gm  variation  versus  gate 
voltage  is  then  reduced  due  to  the  low  transport  properties 
carriers  mobility  of  the  highly  AiGaAs. 

In  this  voltage  range,  the  charge  controls  is  carried  out 
either  on  the  2DEG  and  on  gate  capacitance  Cgs  the 
AiGaAs  N+  carriers,  thus  increasing  the  gate  capacitance 
Cgs  and  decreasing  the  cut-off  frequency  Gm/2nCgs.  All 
these  aspects  leads  to  a  cut-off  frequency  variation 
versus  gate  voltage  showing  a  pronounced  maximum 
around  - 1.2  Volt.  For  this  gate  bias  which  can  be  looked 
at  an  optimum  polarisation  point,  the  device  exhibit  a  400 
mS/mm  transconductance  associated  with  110  Ghz  cut¬ 
off  frequency. 

At  liquid  nitrogen  temperature,  for  the  same  polarisation 
point  (Vgs-Vbi-  -1.2  V)  ,  the  performances  Increase  to 
Gm-600  mS/mm  and  Fc- 150  Ghz  due  to  better  transport 
properties  of  the  GaAs  at  low  temperature. 

As  conoemed  with  the  output  conductance  Gd,  for  the 
same  gate  bias,  it  varies  from  20  mSfmm  at  room 
temperature  to  28  mS/mm  at  77K.  These  relatively  high 
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values  an  strongly  connected  with  camera  infection  in  the 
QaAs  buffer  layer  in  the  gate  to  drain  region.  This  is  one  of 
the  main  inconvenience  of  conventional  MOOFET 
structure,  an  other  one  is  related  to  the  fact  that  the  gate 
potential  acts  not  only  on  the  2DEG  but  also  on  AIGaAs 
later  ionized  impurities,  thus  reducing  the  gate  efficiency 
and  the  traneconductance  values. 

A  solution  to  this  problem  is  the  use  of  inverted  structure. 


Figure  1  :  Om  (a)  and  Fc  (b)  versus  internal  Vga  for 
classical  MOOFET 


MVEHIED  MOOFET  STRUCTURE 

In  the  inverted  structure,  the  gate  is  deposited  on  an 
undoped  GaAs  layer  which  is  grown  on  a  highly  doped 
AIGaAa  layer.  The  source  end  drain  contacts  ara  taken  on 
a  top  QaAs  layer  heavily  doped  in  order  to  reduce  access 
resistances  and  completely  recessed  so  that  the  gate  is  on 
the  undoped  QaAs  layer. 

We  simulatsd  structures  with  a  1.5pm  source-drain 
spacing  and  a  1.1pm  long  by  0.1pm  deep  recess  and  we 
studied  the  evolution  of  performances  when  modified  the 
thicfcnee*  of  toe  QaAs  undoped  layer,  toe  thickness,  the 
doping  level  or  aluminium  composition  of  the  AI^Ga^As 
layer,  toe  gate  length  or  toe  temperature. 


In  all  case,  the  gate  being  on  the  undoped  material,  the 
gate  potential  acts  directly  on  the  channel  carriers  and  not 
on  the  carriers  and  the  ionized  impurities  as  it  is  toe  case 
in  a  conventional  structure.  The  gats  action  is  thus  much 
more  efficient  and  results  in  much  higher  transconductance 
values  than  tor  conventional  structures.  Thus  for  a  0.3pm 
gate  length,  a  250A  AlGaAs  layer,  the  maximal 
transconductance  value  is  approximately  750  mS/mm  at 
room  temperature. 

Influence  of  the  QaAs  thickness  a  and  of  temperature 

if,  for  the  same  structure  the  QaAs  layer  thickness  is 
reduced,  the  Gm  maximal  value  changes  to  1350  mS/mm. 
These  results  are  given  in  figure  2  where  ,  for  each 
structure,  the  Gm  evolution  versus  the  gate  voltage  is 
represented  (internal  potential,  i.e  when  taking  the  Schottky 
potential  into  account).  It  can  be  seen  that  for  a«i25A,  the 
Gm  evolution  versus  Vgs  is  very  steep,  which  might  lead  to 
interesting  developments  in  high  speed  logics. 

On  the  other  hand  the  latter  structure,  simulated  at  77K 
gives  a  Gm  maximal  value  of  approximately  2200  mS /mm. 
These  values  are  of  the  same  order  of  magnitude  as  the 
experimental  values  obtained  by  CIRILLO  (4)  for  an  similar 
structure. 


Uj=0.3  uu»  Lra=0.4  u« 


Nd(AlGaAs)=1 .b£t&  «t/c«3  (25  n«) 
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Infernal  VGS  (Volf) 


Figure  2  :  Gm  versus  Internal  Vgs  for  2  structures  with 
different  active  layer  thickness 


Influence  of  the  gate  length  Lg 

Figure  3a  shows  the  Gm  evolution  versus  the  gate  voltage 
for  three  equivalent  structure#  where  only  the  gate  length 
is  modified.  It  can  be  seen  that  the  longer  the  gate,  the 
more  efficient  the  gate  control  and  the  higher  the 
transconductance.  But  the  capacitance  Cgs  increases  with 
Lg  and  therefore  the  cut-off  frequency  Fc  decreases 
when  Lg  increases  (Fig  3b). 
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Figure  3  :  Gm  (a)  and  Fc  (b)  versus  internal  Vgs  for  3 
structures  with  different  gate  length 

Influence  of  thidcnees  and  doping  of  the  AIQaAs  layer 

We  also  simulated  structures  where  the  AIQaAs  layer 
parameters(thicknees  and  doping)  were  modified.  It  can  be 
seen  in  figure  4a  and  4b  that  these  parameters  have  little 
influence  on  the  static  characteristics  of  the  component.  In 
particular,  the  transconductance  maximal  value  remains 
the  same,  only  the  characteristic  Qm(Vgs)  is  shightly 
modified  and  for  a  given  Vgs  voltage  ,  Qm  keeps  high 
values  when  the  AIGaAs  layer  is  very  thin  or  highly  doped. 

Influence  of  the  AJ^Qa,  _  xAs  layer  composition  x 

We  simulated  structures  where  only  the  aluminium 
composition  of  the  AIQaAs  layer  was  modified,  which 
results  in  a  modification  of  the  conduction  band 
discontinuity  at  the  QaAsi AIGaAs  heterojunction.  It  can  be 
seen  in  figure  S  that  the  Qm  maximal  value  increases  with 
the  composition  x  insofar  as  x  is  inferior  to  0.3  and  that  tor 
higher  composition  Qm  does  not  change.  On  the  other 
hand,  the  output  conductance  strongly  decreases  with  x 


and  this  is  due  to  the  potential  barrier  increase  at  the 
GaAs/AIGaAa  heterojunction,  thus  reducing  the  penetration 
into  the  substrate. 


14=0.3  ua  Lrg=0.4  ua  *=25  na 
Nd(4IC*A3)=1.b£1&  at'caJ 


Figure  4  :  Qm  versus  internal  Vgs  for  2  different  AIQaAs 
layer  thicknesses  (a)  and  doping  (b) 
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Figure  5  :  Qm  (a)  and  Gd  (b)  versus  internal  Vgs  the  Al 
composition  of  the  AIGaAs  layer 


Conclusions 

The  MODFET  inverted  structure  could  lead  to  very 
interesting  developments.  In  particular,  the  use  of  thin 
GaAs  layers,  associated  with  appropriate  thickness  and 
doping  level  for  the  AIGaAs  layer  allows  the  obtentkm  of 
much  higher  transconductance  and  lower  output 
conductance  as  compared  to  conventional  MOOFET 
structures. 

Finally,  the  choise  of  the  gate  length  must  achieve  a 
compromise  between  the  transconductance  value  and  the 
maximal  cut-off  frequency. 
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The  self-aligned  GaAs  MESFET  with  0.25  jum  gate-length  has  been  analyzed  by  the  two- 
types  of  particles  simulator (TPS)  and  the  regional  simulator (RES)  which  are  useful 
for  drastic  reduction  of  the  number  of  particles.  The  numbers  of  particles  employed 
in  the  TPS  and  RES  are  less  than  that  in  the  conventional  simulator  by  factors  of 
about  8  and  18  -  54,  respectively. 


1.  INTRODUCTION 

It  is  said  that  a  multi-particle  simulator  is 
a  good  tool  to  investigate  nonstatic  transport 
in  GaAs  MESFETs  with  a  short  channel.  Awano  et 
al.  applied  it  to  an  entire  region  of  a  self- 
aligned  MESFET  (l]  .  Their  simulator  is  called  a 
full  simulator(FUS)  hereafter. 

The  self -aligned  MESFET  consists  of  highly- 
doped  n+-regions  and  a  lightly-doped  n-region. 

In  the  FUS  a  particle  denotes  an  ensemble  of 
electrons  and  an  electric  charge  in  a  particle 
is  same  for  all  the  particles.  Thus,  the  n+- 
regions  required  a  large  number  of  particles  in 
comparison  with  the  n-region.  For  example,  the 
number  of  particles  employed  by  Awano  et  al. 
reached  about  65  000.  Among  the  particles  only 
about  3  000  particles  in  the  n-region  played  an 
essential  role  for  description  of  the  nonstatic 
effect.  The  others  were  employed  In  order  to 
describe  the  near  Ohmic  transport  in  the  n+- 
regions. 

As  the  FUS  requires  a  large  number  of  particles 
and  large  amounts  of  CPU  memory  and  CPU  time,  it  is 
not  considered  to  be  the  best  tool  for  designs. 
Some  Ideas  which  are  useful  for  reduction  of  the 
CPU  memory  and  CPU  time  have  been  presented.  The 
one  Is  to  use  ballance  equations [2  -  5],  The 
another  is  a  regional  simulator  [6  -  (Q . 

The  purpose  of  the  present  work  is  to  describe 
a  two-types  of  particles  slmulator(TPS)  and  our 
regional  simulator(RES).  Both  of  them  are  useful 
for  reduction  of  the  number  of  particles.  The 
TPS  is  based  on  a  different  idea  from  the  previous 


ones. 

2.  TWO-TYPES  OF  PARTICLES  SIMULATOR(TPS) 

Fig.  1(a)  shows  a  schematic  drawing  of  the 
self-aligned  structure  used  in  the  present 
simulations.  A  substrate  is  not  considered. 

Fig.  1(b)  explains  a  concept  of  the  TPS.  It 
employs  two  different  types  of  particles  and  makes 
a  charge  in  a  particle  in  the  n+-regions  larger 
than  that  in  the  n-region  by  a  factor  of  1  (>1). 
When  the  charges  in  a  particle  in  the  n-  and  n+- 
regions  are  denoted  by  q  and  q+,  respectively, 
q  is  equal  to  »jq.  The  FUS  corresponds  to  a  case 
of  ?  =  1.  A  choice  of  the  value  of  1  depends  on 
how  much  degree  one  desires  to  reduce  the  number 
of  particles  and  permits  inaccuracy  of  the 
calculated  results.  The  TPS  applies  the  particle 
simulation  to  an  entire  of  the  device  structure 
shown  in  Fig.  1(a).  In  general,  an  increase  of 
the  charge  in  a  particle  causes  instabilities  or 
fluctuations  in  the  numerical  calculation.  It 
will  be  shown,  however,  in  the  later  section  that 
the  TPS  does  not  cause  large  fluctuations. 

2.1.  Number  of  Particles 

The  number  of  particles  in  the  n  -regions  used 
in  the  TPS  is  less  than  that  used  in  the  FUS  by 
a  factor  of  1 .  For  example,  1f?=Np/N0  and 
Ljg'L'Lgp,  the  total  number  of  particles  used 
in  the  TPS  is  less  than  that  in  the  FUS  by  a 
factor  of  (24+D/3.  If  1-  10,  the  factor  is 
equal  to  7.  Here  Np  and  Np  are  the  donor  con¬ 
centrations  of  the  n+-  and  n-regions,  respective¬ 
ly- 
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FIGURE  I 

(a)  A  schematic  drawing  of  a  self-aligned  MESFET. 

(b)  A  concept  of  the  TPS.  (c)  A  principle  of 

the  RES. 


2.2.  Algorithm  Assuring  Current  Continuity 
As  the  TPS  uses  the  different  types  of  particles 
in  the  n+-  and  n-regions,  it  is  important  to 
consider  an  algorithm  assuring  current  continuity 
at  the  junction  boundaries. 

When  a  particle  with  q+  Injects  Into  the  n- 
region,  it  must  be  replaced  by  %  particles  with 
q.  When  particles  with  q  inject  into  the  n+- 
reglon,  the  number  of  the  injecting  particles  Is 
counted.  When  the  number  reaches  to  1  ,  they  are 
replaced  by  a  particle  with  q+.  In  addition  to 
the  exchanges  of  the  particles  their  positions 
and  wave  vectors  must  be  also  determined  from  the 
current  continuity.  They  are  successfully 


determined  from  the  position  and  wave  vector 
distribution-functions  of  the  Injecting  particles 
by  using  random  numbers.  The  detailed  description 
will  be  published  elsewhere. 

3.  REGIONAL  SIMULATOR (RES) 

Fig.  1(c)  explains  a  principle  of  our  RES. 

The  RES  analyzes  the  n-region  by  the  multi- 
particle  simulation  and  replaces  the  n  -regions 
by  series  resistances  R,.  and  R^.  The  "virtual 
electrodes"  shown  by  a  shaded  portion  in  Fig.  1 

(c)  are  set  on  the  junction  boundaries.  During 
the  simulation  the  density  of  particles  in  the 
virtual  electrodes  is  kept  constant  as  well  as 
in  the  FUS. 

3.1.  Number  of  Particles 

Naturally  the  number  of  particles  required  in 
the  RES  is  less  than  that  in  the  FUS  by  a  factor 
of  about  (21+1),  if  1  =  Np /  Ng  and  <-SG=<-  =  LG[r 
The  factor  is  equal  to  21  if  t-  10. 

3.2.  Virtual  Electrodes 

Strickly  speaking,  the  particles  in  the  virtu¬ 
al  electrodes  should  not  be  at  thermal  equilibri¬ 
um.  However,  as  N*  is  fairly  high,  we  have 
assumed  that  the  particles  are  at  thermal 
equilibrium. 

The  widths  L'  and  l"  are  considered  to  be 
equal  to  the  channel  widths  near  the  junction 
boundaries.  Consequently  they  depend  on  a 
geometry  of  the  depletion  region. 

3.3.  Carrier  Concentration 

The  density  of  particles  within  the  virtual 
electrodes  corresponds  to  the  donor  concen¬ 
tration  and  is  kept  constant.  Thus,  it  does  not 
directly  correspond  to  the  carrier  concentration. 
Consequently  the  carrier  concentration  has  been 
approximately  estimated  from  the  density  of 
particles  multiplied  by  a  correction  factor. 

The  correction  factor,  which  is  a  function  of  the 
channel  distance,  is  defined  as  a  ratio  of  the 
real  carrier  concentration  to  the  density  of 
particles  at  thermal  equilibrium.  The  real 
carrier  concentration  along  the  channel  at  thermal 
equilibrium  may  be  easily  estimated  from  the  one- 
dimensional  Poisson's  equation.  If  the  virtual 
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FIGURE  4 

Average  energy  distribution 


FIGURE  2 

Calculated  Ip  -  Vp  characteristics 

electrodes  are  set  a  little  bit  inside  of  the  n+- 
regions,  the  correction  factor  nay  not  be  needed. 

4.  NUMERICAL  RESULTS 

The  device  parameters  used  In  the  simulations 
are  as  follows.:  L-0.25.um,  a=0.1jum,  Nn=7xl016 
cm  ,  and  Np=10Np.  The  TPS  has  been  carried  out 
by  using  7  411  particles  and  the  RES  by  using 
1200  or  3600  particles.  The  numbers  of  particles 
in  the  TPS  and  RES  are  less  than  that  In  the  FUS 
by  factors  of  8  and  18  -  54,  respectively. 

Fig.  2  shows  the  calculated  Ip-  Vp  character¬ 
istics,  where  Ip  Is  the  drain  current  and  Vp  the 
drain  voltage.  The  VQ  Is  the  gate  voltage  which 
Includes  a  barrier  height.  It  Is  seen  that  the 


FIGURE  3 

Average  electric  field  distribution 


calculated  values  by  the  TPS  and  RES  excellently 
agree  with  those  by  the  FUS. 

Now  let  us  compare  the  electric  field,  energy 
and  velocity  distributions  in  the  device  obtained 
by  the  TPS  and  RES.  In  the  following  figures, 
the  calculated  results  by  the  TPS  and  RES  are 
denoted  by  solid  and  dotted  lines,  respectively. 

Fig.  3  shows  the  average  electric  field 
distributions  parallel  to  the  channel  at  the 
bottom  of  the  channel.  Owing  to  the  use  of  the 
correction  factor,  the  height  of  the  reflecting 
barrier  at  the  source  junction  by  the  RES  fairly 
agrees  with  that  by  the  TPS.  If  the  factor  is 
not  used,  the  barrier  may  be  higher.  The  figure 
tells  us  that  the  electric  field  by  the  RES  is 
strong  at  the  middle  of  the  channel  and  is  weak 
near  the  drain  virtual  elctrode,  in  comparison 
with  that  by  the  TPS.  It  Is  the  reason  that  the 
RES  does  not  consider  a  high  resistive  and  narrow 
region  of  the  drain  n+-reg1on. 

Fig.  4  shows  the  average  energy  distributions 
at  the  bottom  of  the  channel .  Due  to  the  as¬ 
sumption  of  thermal  equilibrium  In  the  virtual 
electrodes,  the  energy  by  the  RES  Is  smaller 
near  the  virtual  electrodes  than  that  by  the 
TPS.  The  peak  energies  by  the  RES  are  higher 
than  those  by  the  TPS  because  the  electric  field 
by  the  RES  Is  larger  at  the  middle  of  the  channel 
than  that  by  the  TPS. 

The  average  velocity  distributions  parallel 
to  the  channel  at  the  bottom  of  the  channel  are 
shown  In  Fig.  5.  The  distributions  for  Vp*0.6 
and  0.8  volts  are  shifted  for  clear  Illustration. 
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The  near  ballistic  transport  in  the  device  is 
clearly  observed  in  the  n-reglon.  As  shown  in 
Fig.  4,  the  energy  Increases  with  VQ  and  the 
slowing  down  of  the  velocity  due  to  the  nonequiva¬ 
lent  intervalley  scattering  extends  with  Vp. 

Thus,  the  peak  position  of  the  velocity  distri¬ 
bution  moves  toward  the  source  n  -region. 

Fig.  6  shows  a  dependence  of  the  velocity 
distribution  upon  Vp  which  is  calculated  by  the 
RES.  In  addition  to  the  shift  of  the  peak  po¬ 
sition  of  the  velocity  distribution  due  to  the 
nonequivalent  intervalley  scattering,  as  described 
previously,  we  observe  that  the  peak  velocity  Is 
maximum  at  Vp=0.3  volt.  On  the  other  hand, the  TPS 
tells  us  that  the  peak  velocity  at  Vp=0.6  volt  is 
larger  than  those  at  Vp=0.4  and  0.8  volts.  Due 
to  our  poor  computer  resources,  enough  data  could 
not  be  obtained  by  the  TPS.  According  to  our 
experience,  it  is  not  easy  to  achieve  good  sta¬ 
tistical  convergence  of  the  velocity  distribution 
In  comparison  with  the  other  distributions.  Thus, 
we  cannot  conclude  In  this  work  that  the  peak 
velocity  decreases  In  the  saturation  region  of 
the  ID  -  VD  characteristics  as  Vp  Increases. 

5.  CONCLUSIONS 

It  has  been  found  that  both  the  TPS  and  RES 
give  the  reasonable  Ip-Vp  characteristics.  The 
numbers  of  particles  employed  In  the  TPS  and  RES 
are  less  than  that  In  the  FUS  by  factors  of  8  and 
18-54,  respectively.  The  Influences  of  the 
assumptions  used  In  the  RES  on  the  electric  field. 


FIGURE  6 

Dependence  of  velocity  distribution  on  Vp 

energy  and  velocity  distributions  have  been 

elucidated.  The  dependence  of  the  peak  velocity 

on  the  drain  voltage  has  been  discussed. 
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Rutherford  backscattering  (RBS)  has  been  used  to  study  the  redistribution  of 
ion-implanted  mercury  and  the  reordering  of  implantation  damage  during  Rapid 
Thermal  Annealing  (RTA)  of  GaQ^y  Ino.53*s  epllayers  and  bulk  inP.  Implanta¬ 
tion  at  200®C  prevents  amorphous  layer  formation  and  reduces  the  extent  of  Hg 
redistribution  In  both  materials.  Sl^Ni)  and  phospftoslllcate  glass  (PSG)  are 
ccapared  as  encapsulants  for  InP;  it  is  suggested  that  silicon  lndiffusion 
enhanced  by  radiation  damage  may  be  the  reason  why  p-type  activity  has  only 
been  seen  for  200°C  implanted  material. 


1.  INTRODUCTION 

Ion  implantation  of  both  donors  and 
acceptors  is  an  attractive  method  of  forming 
shallow  and  abrupt  p-n  junctions  in  the  III-V 
semiconducting  materials  GalnAs  and  InP. 
Implantation  and  annealing  studies  of  the 
acceptors  Be,  Mg,  Zn  and  Cd  [1-4]  have  shown 
that  these  species  often  redistribute  markedly 
during  post-implant  annealing,  leading  to  non 
uniform  Junction  depths  and  erratic  electrical 
behaviour . 

Room  temperature  Hg+  implantation  has 
recently  yielded  p-type  activity  in  both 
GalnAs  and  InP  following  long  time  furnace 
annealing  [4,5]  and  200®C  implants  have  been 
activated  in  InP  using  RTA  [6].  The 
redistribution  of  Implanted  Hg  during 
post-implant  annealing  has  been  studied  by 
Secondary  Ion  Mass  Spectrometry  (SIMS)  for  the 
case  of  InP  [5],  but  is  not  accessible  to  this 
analysis  technique  in  GalnAs  because  of 
'matrix  Interference  effects'  [4],  An 
alternative  method  of  surface  analysis  is  RBS 
which  is  sensitive  to  the  presence  of  Hg  in 
both  of  these  materials  and  gives  simultaneous 
information  about  the  nature  and  extent  of 
crystalline  damage. 


2.  EXPERIMENTAL 

In  the  present  work,  100  keV  Hg+  implants 
of  1-5  x  10’ 5  om-2  were  made  into  bare  InP 
substrates  and  'lattice  matched'  LPE  grown 
GalnAs/lnP  epllayers  held  either  at  room 
temperature  or  200®C.  Following  implantation, 
samples  were  subjected  to  RTA  at  temperatures 
between  500®  and  800®C  for  times  of  30,  60  or 
120  seconds  using  a  variety  of  surface 
protection  techniques.  RBS  (1.5  MeV,  He*)  was 
then  used  to  follow  the  redistribution  of  Hg 
and  the  removal  of  Implantation  damage  that 
had  occurred  during  the  encapsulation/ 
annealing  cycle.  This  data  was  correlated  to 
electrical  measurements. 

3.  RESULTS 

3. 1 .  GalnAs 

RBS  results  for  Hg+  implanted  into  GalnAs 
are  shown  in  Figures  1  and  2. 

It  may  be  seen  from  Fig.  Kb)  and  Fig.  2(b) 
that  the  redistribution  of  implanted  Hg  in 
GalnAs  during  RTA  under  a  GaAs  'proximity  cap' 
is  quite  different  for  the  two  implant 
conditions,  giving  peak  detected  Hg  levels 
following  a  700 ®C,  30  second  anneal  of 
-1  x  102®  cm“3  for  the  RT  implant  and 
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FIGURES  1(a)  and  (b) 

RBS  spectra  and  derived  Hg  concentration 
profiles  for  lO1^  cm-2,  100  keV  RT  Hg  Implants 
Into  LPE  GalnAs.  (1)  as  Implanted,  (2)  600"C, 
(3)  700"C.  All  anneals  30  sec.,  GaAs  proximity 
cap. 

-3  x  1020  cm- ^  for  the  200#C  Implant.  RTA  at 
800*C  for  30  seconds  leads  to  Hg  being 
detectable  only  In  the  200*C  Implant  case. 

3.2.  InP 

1  x  1 01 5  cm-2,  room  temperature  Hg* 

Implants  into  InP  form  an  amorphous  layer 
(Fig.  3(a))  RTA  at  500*  and  600*C  for  120 
seconds  under  a  phosphorous  overpressure 
provided  by  a  lOf  Sn/90%  InP  powder  [7] 
regrows  the  amorphous  layer,  leaving  thin 
damage  regions  near  the  surface.  200*C 
implantation  of  5  x  1015  cm-2  Hg  into  InP 
suppresses  amorphous  layer  formation  although 
a  small  damage  peak  nay  be  observed. 


FIGURES  2(a)  and  (b) 

RBS  spectra  and  derived  Hg  concentration 
profiles  for  lO1^  cm'2,  100  keV  200®C  Hg 
laplants  into  LPE  GalnAs.  (1)  as  Implanted, 
(2  )  600#C,  (3)  700"C,  (ii)  800 °C .  All  anneals 
30  sec.,  GaAs  proximity  cap. 

As  for  the  RT  GalnAs  Implants,  Hg* 
implanted  at  RT  Into  InP  redistributes 
significantly  during  RTA  at  800s  and  600»C 
(Fig.  3(b)).  Further  anneals  (not  shown)  at 
700®C  and  800°C,  for  90  and  60  seconds 
respectively,  led  to  no  Hg  being  detectable  at 
the  1  x  102°  cuf3  level. 

Figs.  A(b)  and  5(b)  compare  the  Hg 
redistribution  for  the  200®C  Implant  condition 
during  RTA  under  two  different  encapsulants; 
1000  I  of  pyrolytic  SijNi,,  deposited  at  SSS'C 
and  CVD  PSG  deposited  at  300°C.  In  contrast 
to  the  results  for  'overpresstre'  annealing  of 
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RBS  spectra  and  derived  Hg  concentration 
profiles  for  10*5  oaf2f  100  keV  RT  Hg  implants 
into  InP.  (1)  as  Implanted,  (2)  500°C, 
(3)  600aC.  All  anneals  120  sec.,  overpressure 
techni que . 

RT  implants,  significant  levels  of  Hg  remain 
detectable  even  after  800*C  anneals,  with 
SijHq  apparently  retaining  slightly  more  Hg  at 
the  higher  annealing  temperatire. 

3.3.  Electrical  Results 

Hall  effect  measurement  using  the  Van  der 
Pauw  sample  geometry  has  shown  that  both  RT 
and  200*C  Hg*  implanted  GalnAs  are  n-type  for 
all  annealing  conditions.  Similar  measurement 
of  Hg  implsnted  InP  has  yielded  p-type 
activity  for  200*0  Implants  [6]  and  n-type 
activity  for  room  temperature  implants. 


RBS  spectra  and  derived  Hg  concentration 
profiles  for  5  x  1015  cm-2,  100  keV  2008C  Hg 
implants  into  InP.  (1)  as  implanted,  (2)  as 
capped,  (3)  700 °C,  60  sec.  Si^Nj,  capped. 

4.  CONCLUSIONS 

Room  temperature  implantation  of  doses 
>10*5  ions  cm-2  of  100  keV  Hg*  into  InP  and 
GalnAs  forms  amorphous  layers,  regrowth  of 
which  cause  significant  redistribution  of  the 
implanted  Hg.  Implantation  at  200°C 
suppresses  this  amorphous  layer  formation  and 
leads  to  increased  levels  of  Hg  being  detected 
in  samples  annealed  up  to  800°C.  The  moat 
likely  cause  of  n-type  electrical  activity 
seen  following  RTA  of  InP  samples  implanted  at 
room  temperature  is  considered  to  be 
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FIGURES  5(a)  and  (b) 

RBS  spectra  and  derived  Hg  concentration 
profiles  for  5  x  101-*  cm  100  keV  200°C  Hg 
implants  into  InP.  ( 1 )  as  implanted, 

(2  )  600°C ,  (3)  700°C,  (4)  800 °C .  All  anneals 
60  sec.  PSG  capped. 

implantation  damage  enhanced  indiffusion  of 
silicon  from  the  Si^Nii  and  PSG  used  as 
encapsulants .  N-type  activity  of  both  RT  and 
200° C  Hg  Implanted  GalnAs  cannot  be  explained 
at  present. 
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The  anneal  behavior  of  Be  implantations  into  undoped  InP  was  studied  using  a  capless, 
rapid  thermal  annealing  (RTA>  process.  It  i6  shown  that  shallow  p-type  layers  in  InP 
can  be  obtained  reproducibly  making  this  process  suitable  for  device  fabrication. 
Maximum  hole  concentrations  and  minimum  in-diffusion  are  observed  for  anneal  durations 
of  about  1  minute.  Out-diffusion  of  Implanted  Be  is  identified  as  the  main  reason  for 
low  hole  concentrations  and  can  be  decreased  by  co-implanting  matrix  atoms. 


HTKODOCT1QI 

Ion  implantation  into  InP  is  an  important 
technology  for  future  optoelectronic  integrated 
devices.  Be  C1H2),  Mg  C3H41,  Zn  131  and  Cd  141 
have  been  used  for  acceptor  implantation.  It  has 
been  established,  however,  that  these  acceptors 
exhibit  strong  in-diffusion  during  furnace- 
annealing.  In-diffuslan  should  be  reduced  by 
rapid  annealing.  Rapid  annealing  has  been 
applied  to  lovr-dase  Be  Implants  into  lnP:Fe  (51, 
indicating  absence  of  ln-dlffuslon,  to  Mg 
implants  into  InP:Fe  (61,  showing  strong  in- 
diffuslon,  and  to  Zn-lmplants  171  with  little 
ln-diffuelon  for  undoped  InP  and  strong  ln- 
dlffuslon  for  Fe-doped  InP. 

In  this  paper  results  of  a  systematic  study  on 
rapidly  annealed  Be  implantations  into  undoped 
InP  are  reported.  The  implanted  layers  were 
studied  under  various  anneal  conditions. 
Substrate  effects  were  also  investigated  by 
comparing  implants  into  LEC-,  LPB-  and  MOCVD- 
grown  InP.  Furthermore,  preliminary  results  of 
additional  implantations  of  P-  and  In-lonB  are 
reported. 


EXPBRIMBITAL 

Be  was  Implanted  with  energies  between  20  and 
100  keV  and  doses  ranging  from  5.6E+13  to 
2.0E+15  cm-*,  A  graphite  strip  heater  was  used 
to  achieve  rapid  heating  of  the  sample  of  up  to 
100  °C/sec.  Decomposition  of  the  InP  surface  was 
avoided  in  a  PRs/Hz  atmosphere,  lo  dielectric 
cap  was  employed  and  the  InP  surface  was  mirror- 
like  after  annealing.  Anneal  temperatures  ranged 
between  750  and  850  °C  with  hold-times  between  6 
seconds  and  4  minutes.  Implanted  InP  layers  were 
non-lntentlonally  doped  with  electron 
concentrations  below  1E+16  cm-3. 

The  distribution  of  Be  atoms  after  the  anneal 
was  measured  using  SIMS.  Multiple  measurements 
on  each  sample  gave  a  dose  accuracy  of  about 
5  %,  so  that  precise  out-diffusion  data  could  be 
obtained. 

The  distribution  of  holes  after  annealing  was 
measured  with  an  electrochemical  C(U)-profller 
t 81.  Measurement  values  were  corrected  to 
Include  the  effect  of  series  resistance. 
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A  typical  annealing  raault  lor  a  dual  energy  Ba 
laplant  of  20  and  50  kaV  Into  LBC-InP  la  shown 
la  Fig.  1.  The  two  SIRS  curves  aaaaurad  bafora 
aad  after  the  anneal  show  that  aubetantlal 
aaounts  of  Ba  have  been  loat.  Tha  loaa  aaounta 
to  71  %  for  a  doaa  of  2. 75E+14  cra  and  an 
anneal  at  850  °C  for  1  aiaute.  Bvan  for  a  6" 
anneal  at  800  °C  out-dlffueloa  la  88  *  .  Out- 
diffusion  depends  on  laplantation  doaa,  but  la 
still  severe  for  saallar  doaas  (Table  1). 


TABU  1:  Ba  out-dlffueloa  as  a  function  of  doaa 


talented  doaa 

5.808+13  or* 
1.35E+14  cr* 
2.75B+14  cara 
2.  00E+15  cr2 


out-dlffualon 

57  * 

71  * 

71  X 

94  X 


Apart  froa  out-dlffuslon,  there  la  only  alnor 
ln-diffualon.  For  longer  annealing  periods  ln- 
dlffuslon  increases. 


fioobb  i 


SIRS  profiles  for  a  20+50  kaV  Be-iaplant  before 
<0)  and  after  <•)  an  anneal  at  850  °C-l'  showing 
substantial  out-dlffualon  of  the  laplant.  Total 
laplantad  dose  was  2.75B+14  cnra.  The  resultant 
hole  concentration  profile  la  also  Indicated 
<+>.  Electrical  activation  la  better  than  50  X  . 


The  hole  concentration  profile  shown  In  Fig.  1 
Indicates  that  a  alnlnua  of  about  50  X  of  the  Be 
atoan  la  electrically  active  resulting  In  a 
aaxlaua  hole  concentration  of  about  2E+18  cnra. 
Electrical  activation  approaches  100  X  for  lower 
Be  concentrations. 

Electrical  activation  la  vary  low  for  a  6” 
anneal  at  850  °C.  Results  of  30"  anneals  are 
coaparable  to  1’  anneals.  Annealing  periods  of 
about  1  minute  at  650  °C  therefore  represent 
optiaua  conditions. 

Hole  concentration  profiles  of  annealed  Be- 
laplants  Into  LEC-InP  have  been  very 
reproducible  for  several  annealing  and 
laplantation  runs.  However,  this  la  not 
necessarily  so  for  laplantatlons  Into  LPE-InP, 
where  even  with  ETA  significant  ln-diffualon  of 
Be  la  observed  occasionally  <Flg.  2). 
Surprisingly,  by  reducing  the  anneal  teaperatura 
to  800  °C  in-diffusion  can  ba  reduced  and  the 
aaxlaua  hole  concentration  can  be  Increased.  lo 
similar  effect  is  seen  with  LBC-InP. 

Results  for  Be  laplants  Into  NOCVD-grown  InF 
were  coaparable  to  laplants  into  LEC-InP. 

These  data  Indicate  that  annealing  paraasters 
any  have  to  be  modified  for  differently  grown 
InF  to  obtain  optiaua  results. 
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FICUSS  2 


SIRS  profiles  for  a  30+100  ke?  Be-lmplant  before 
(0)  and  after  an  anneal  at  550  °C  showing  that 
the  implanted  aaterlal  can  have  a  significant 
Influence  on  Be-redlstributlon  :  strong  in- 
dlffuslon  Is  observed  In  this  case  for  LPB-InP 
<+) ;  very  little  la-diffuslon  Is  observed  for 
LBC-InP  <•).  Isplanted  dose  has  been 
5.0B+H/C*3. 


In  an  attespt  to  increase  tbs  maximum  hols 
concentration  additional  P  and  In  Implantations 
were  perforaed.  Both  Ions  were  Inplanted  to  give 
a  saxlaua  concentration  of  1.0E+19  car3 . 

Fig.  3  shows  the  annealing  result  for  an 
additional  400  kaV  In-implant  perforaad  after  a 
20+50  keV  Be-lsplant.  By  cosparing  the  Be-atoa 
profile  after  annealing  with  the  corresponding 
profile  in  Fig.  1,  it  becoaes  evident  that  Ba- 
out-dlf fusion  is  reduced  and  aaounta  to  45  %  . 

In  addition,  the  Be  profile  is  significantly 
broader  in  the  upper  concentration  range.  Both 
effects  alaoet  double  the  hole  dose. 


FIGUKE  3 


Effect  of  a  400  keV  In  laplantatlon  on  a  Be- 
laplanted  sasple.  laplantatlon  and  annealing 
paraaeters  and  plotting  syabols  are  Identical 
with  Fig.  1. 


Similar  profiles  are  obtained  for  an  additional 
260  kaV  P-laplant,  which  (presumably)  aatches 
the  50  keV  Be-lsplant:  again  the  hole  dose  Is 
doubled.  The  enhancement  In  hole  concentration 
is  significantly  larger  than  has  been  observed 
for  a  Zn+P  lnplant  [71 

These  results  clearly  show  that  higher  hole 
concentrations  can  be  obtained,  if  out-diffuslon 
is  reduced.  However,  for  a  1  minute  anneal  at 
S50  °C,  this  is  accompanied  by  a  broadening  of 
the  doping  profile,  which  might  be  attributed  to 
the  foraatlon  of  an  amorphous  layer  by  the 
heavy-lon  iaplant  [93.  A  further  Investigation 
of  this  effect  Is  underway. 
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C0MCLDSI0M8 

Shallow  p-type  layers  In  undoped  InP  can  be 
obtained  by  Be  Implantation  in  conjunction  with 
rapid  thermal  annealing. 

The  most  prominent  effect  occurlng  during 
annealing  is  Be-outdiff usion  with  almost  no  in- 
dlffusion.  The  reason  for  this  is  not  known  at 
present . 

Co-implantlng  matrix  atoms  reduces  out- 
diffusion,  but  this  may  simply  be  due  to 
amorphous  layer  formation.  A  high-dose  co- 
implantation  of  Ar,  however,  does  not  produce  a 
similar  effect. 

Kore  research  Is  necessary,  if  an  understanding 
beyond  that  required  for  device  fabrication  is 
desired. 
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A  GaAs-AlAs  super  lattice  grown  on  an  undoped  GaAs  substrate  has  been  inpl  anted  with 
300  keV  protons  to  a  fluence  of  lE16/cm2.  the  inpl  anted  hydrogen  and  the  deposited 
A1  atoms  have  been  depth  profiled  using  secondary  ion  mass  spectrometry  (SIMS). 
Measurements  of  the  as-  implanted  sanple  show  that  the  hydrogen  depth  distribution  is 
similar  to  that  found  previously  with  proton  inplants  into  bulk  GaAs.  Near  the 
surface,  the  A1  depth  profile  exhibits  an  alternating  pattern  characteristic  of  the 
svperlattice  ccnpositional  pattern.  Annealing  the  sanple,  at  temperatures  from  300 
to  700  C  for  a  period  of  20  minutes,  causes  the  hydrogen  to  redistribute  itself  both 
towards  the  surface  and  deeper  into  the  crystal.  However,  rather  than  diffusing  into 
the  substrate  as  in  bulk  GaAs,  the  SIMS  profiling  shows  the  hydrogen  stopping  and 
accumulating  at  the  siperlatt ice/substrate  interface.  The  hydrogen  density  at  the 
interface  is  quite  significant  and,  even  after  a  700  C  anneal,  is  still  above 
1E18/CC. 


1.  INIHXUCTICN 

The  synthesis  of  high  quality  III-V  semi¬ 
conductor  svperlattices  has  intitiated  the 
developnant  of  a  new  class  of  materials  with 
important  consequences  in  the  area  of  opto¬ 
electronics.  These  rail ti layer  structures  have 
been  used  in  a  variety  of  applications  including 
optical,  electronic,  and  microwave  devices. 
Many  of  these  applications  require  further 
processing,  especially  with  the  use  of  ion 
inplantation,  to  produce  necessary  electrical 
insulation,  optical  index  definition,  or  layer 
mixing.  Proton  inplantation  of  GaAs  multi¬ 
layered  structures  has  been  a  valuable 
processing  technique  for  such  purposes  and  has 
yielded  optical  waveguides  [1],  coupled  laser 
arrays  (2],  millimeter  wave  mixers  [3],  and 


photodiodes  [4]. 

Research  in  the  past  few  years  has  shown 
that  protons  are  very  active  entities  in  semi¬ 
conductors  and  are  capable  of  producing  optical 
(5J  and  electronic  effects  (6].  Since  these 
effects  may  interfere  with  device  performance, 
it  is  important  to  understand  the  behavior  of 
protons  in  potential  device  structures.  In  this 
paper  we  report  on  the  distribution  of  protons 
inpl  an  ted  into  a  GaAs-AlAs  siperlattice.  The 
depth  distributions  of  both  the  inpl  an  ted 
hydrogen  and  the  deposited  A1  atoms  are 
determined  using  secondary  ion  mass  spectrometry 
(SIMS).  The  changes  in  the  hydrogen 
distribution  due  to  furnace  annealing  are  also 
investigated  and  ccnpared  to  the  behavior  of 
inpl  an  ted  hydrogen  in  bulk  GaAs. 


*  Portions  of  this  work  were  supported  by  the  US  Any  Research  Office. 
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2.  KXFHUMMAL  CCMJITKKS 

The  superlattice  used  in  this  study 
consisted  of  alternating  layers  of  GaAs  aid  AIAb 
gram  an  an  undoped,  semi -insulating  GaAs 
substrate.  The  total  thickness  of  the  super¬ 
lattice  ms  estimated  to  be  6  micrometers  with 
the  individual  layers  being  73  A  for  GaAs  and  40 
A  for  AlAs.  From  these  thicknesses,  the  average 
alunimm  concentration  of  the  super  lattice  was 
0.3S4.  Growth  conditions  relating  to  the 
sqperlattice  and  characterization  of  the  layer 
parameters  have  been  previously  reported 

m. 

The  superlattice  was  inplan  ted  at  roan 
tenperature  with  300  keV  protons  to  a  fluence  of 
lE16/cc.  The  ion  beam  was  incident  at  an  angle 
of  approximately  8  degrees  from  the  100 
direction.  After  implantation  the  sanple  was 
cleaved  into  sections  which  were  annealed  in  a 
flawing  gas  furnace  for  20  minutes.  The 
annealing  tenperatures  ranged  from  300  C  to  700 
C.  The  annealed  sanples  and  an  as-inplanted 
piece  were  then  examined  using  SIMS.  Both  the 
inplanted  hydrogen  atoms  and  the  deposited  A1 
were  depth  profiled.  The  SIMS  measurements  were 
made  using  Ce  ion  sputtering  and  the  background- 
subtracted  sensitivity  for  protons  in  GaAs  was 
approximately  lE17/cc.  The  depth  accuracy 
achieved  in  these  measurements  was  about  7  %. 

3.  EXFHUMBfEAL  RESULTS 

Figure  1  shows  six  SIMS  profiles  that  were 
obtained  in  this  study.  On  this  depth  scale  the 
A1  concentration  appears  nearly  constant  to  a 
dspth  of  about  6  micrometers  after  which  it 
dropa  sharply  to  zero.  This  fall-off  is  taken 
as  the  location  of  the  superlattice/sufcstrate 
interface  and  agrees  with  the  estimated 
thickness  of  the  superlattice.  Near-  surface 
SMS  profiling  with  a  much  finer  depth 
resolution  did  reveal  an  oscillatory  pattern  to 
the  Al  concentration  with  a  period  consistent 
with  that  measured  for  the  layers  using  x-ray 
diffraction. 


FIGURE  1 

The  as-inplanted  hydrogen  depth  profile  is 
similar  to  that  obtained  for  hydrogen  inplanted 
into  bulk  GaAs  [8].  However,  the  peak  of  the 
distribution  is  deeper  than  that  found  for  bulk 
GaAs.  The  SIMS  profile  for  the  soiple  annealed 
at  300  C  shows  that  the  hydrogen  has  started  to 
redistribute  itself.  There  is  a  slight  movement 
towards  the  surface  but  most  of  the 
redistribution  is  deeper  into  the  crystal.  This 
is  very  similar  to  the  behavior  of  hydrogen  in 
bulk  GaAs.  However,  with  the  inplantation  into 
a  superlattice,  a  significant  fraction  of  the 
hydrogen  atoms  stop  and  accumulate  at  the 
siperlattice/sdostrate  interface.  There  is  a 
tail  to  the  distribution  that  extends  into  the 
substrate  but  the  majority  of  migrating  hydrogen 
atoms  are  collected  at  the  interface.  The 
hydrogen  density  in  this  region  is  greater  than 
10%  of  that  at  the  peak  of  the  distribution. 

The  SIMS  profile  for  the  sanple  annealed  at 
500  C  continues  this  development .  The  ipward 
movement  of  the  hydrogen  is  more  pronounced  and 
has  nearly  readied  the  surface.  The  density  of 
hydrogen  at  original  projected  range  has 
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decreased  to  less  than  10%  of  its  orignal  value. 
These  changes  are  again  similar  to  those 
occurring  in  hydrogen  inplants  into  bulk  GeAa. 
The  density  of  hydrogen  at  the  interface  has 
increased  to  a  level  of  more  than  lE19/cc  and 
now  exceeds  the  density  of  the  hydrogen  at  the 
original  peak  of  the  distribution. 

With  annealing  at  600  C  sane  of  the 
hydrogen  has  reached  the  surface  and  escaped. 
The  concentration  at  the  projected  range  is 
about  1%  of  the  original  amount  which  again 
agrees  with  the  behavior  in  the  bulk  GaAs.  The 
hydrogen  density  at  the  interface  is  still  at  a 
level  of  1E19  / cc  and  shows  very  little  change 
from  the  previous  anneal.  At  this  stage  most  of 
the  residual  hydrogen  is  in  the  interfacial 
region. 

Further  annealing  at  700  C  continues  this 
trend  with  most  of  the  hydrogen  concentrated  at 
the  interface.  There  is  also  a  near-surface 
carponent  of  the  distribution  that  has  not  yet 
escaped  from  the  crystal.  The  density  at  the 
original  peak  is  now  greatly  reduced,  about 
1/10%  of  the  as-inplanted  density.  At  the 
interface  the  hydrogen  density  shows  some 
reduction  but  is  still  greater  than  lE18/cc. 

4.  OCMXUSICNS 

The  results  of  these  SINK  measurements  show 
that  the  distribution  and  migration  of  hydrogen 
inpl anted  into  a  GaAa-AlAa  is  very  similar  to 
that  found  with  inplants  into  bulk  GaAs.  The 
projected  range  and  general  movement  of  the 
hydrogen  with  furnace  annealing  is  nearly  the 
sane.  However,  the  presence  of  the  superlattice/ 
substrate  interface  has  a  major  effect  on  the 
migration  of  the  hydrogen  deeper  into  the 
crystal.  The  hydrogen  atoms  are  inpeded  by  the 
interface,  are  collected  there,  and  remain  in 
that  region  to  high  density  levels,  even  after 
amealing  at  700  C.  This  accumulation  process 
nay  be  the  result  of  lattice  strain  at  the 
stg»rlattlce/m*wtrate  bowdary  or  may  be  due  to 
dislocations  and  taper  feet  ions  arising  during 


the  initial  stages  of  epitaxy.  In  an  optical 
study  of  a  related  svperlattice  [9],  a  graded 
optical  index  in  the  interfacial  region  was 
required  in  order  to  obtain  a  beet-fit  solution 
to  an  infrared  reflectance  spec  trim.  Thus,  the 
results  of  these  two  different  experiments  nay 
be  manifestations  of  the  same  physical  inper¬ 
fections  at  the  interface.  In  one  case,  the 
inperfections  may  lead  to  optical  changes,  and, 
in  the  other,  to  the  trapping  of  hydrogen. 
Furthermore,  since  the  hydrogen  density  can  be 
quite  hi at  the  interface,  unwanted  opto¬ 
electronic  effects  may  occur  in  devices  based  on 
such  processing  techniques. 
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Multipolar  plasma  treatments  combined  with  a  high  vacuum  system  and  a  monitoring  by  elllp- 
sometry  have  been  developed  to  achieve  high  electrical  quality  InGaAs/SI 3N4  Interfaces. 
Interface  states  density  in  the  low  10^  cur2  eV'l  are  obtained  under  controlled  condi¬ 
tions,  which  Is  therefore  suitable  for  a  MISFET  technology. 


1.  INTRODUCTION 

1.1.  InGaAs  Is  now  widely  used  for  the  fa¬ 
brication  of  optoelectronic  devices  for  long 
wavelength  optical  fibers  tel ecomnunl ca¬ 
tions.  Due  to  Its  excellent  electronic  pro¬ 
perties  and  to  the  possibility  to  achieve  the 
monolithic  Integration  of  optoelectronic  de¬ 
vices  with  electronic  components,  the  fabri¬ 
cation  of  InGaAs  field  effect  transistors 
(FETs)  Is  of  great  Interest.  Such  FETs  would 
also  be  suitable  for  high  speed  logic.  Seve¬ 
ral  different  kinds  of  InGaAs  FETs  are  consi¬ 
dered  and  Insulated  gate  FETs  (MISFET)  [1] 
and  junction  FETs  (JFET)  [2]  a  re  mainly  Inves¬ 
tigated  at  present.  Both  devices  require  an 
Insulator  deposition  step  which  Is  very  cri¬ 
tical.  In  the  MISFET,  the  quality  of  the  1n- 
sulator/InGaAs  Interface  directly  determines 
the  performances  of  the  device  while  for 
Junction  FETs  (and  also  PIN  photodiodes)  the 
quality  of  the  Insulator/InGaAs  Interface 
settles  the  efficiency  of  the  passivation  and 
so  the  leakage  current  of  these  devices. 

The  achievement  of  a  good  Insulator/semicon¬ 
ductor  Interface  Is  difficult  on  III-V  com¬ 
pounds  because  of  their  senslvlty  to  high 


temperature  and  energetic  partlcules.  Besi¬ 
des,  these  compounds  are  not  stable  at  the 
contact  with  their  oxides  [3]  and  native  oxi¬ 
de  Is  often  thought  to  be  responsible  for  the 
current  drift  observed  In  InP  [4]  and  InGaAs 
[5]  MISFETs. 

Removal  of  native  oxide  prior  to  the  deposi¬ 
tion  of  an  Insulating  layer  should  overcome 
these  problems.  However  this  step  must  be 
carefully  realized,  otherwise  It  can  produce 
large  damage  on  the  surface.  A  process  using 
a  ultra  high  vacuum  system  and  multipolar 
plasma  treatments  has  been  developed  and  suc¬ 
cessfully  used  on  GaAs  for  the  passivation  of 
MESFETs  [6j,  [7j.  A  similar  approach  is  ap¬ 
plied  on  InGaAs  for  the  fabrication  of  MIS 
devices  [8j.  This  paper  will  describe  the  va¬ 
rious  steps  of  the  passivation  scheme  for 
InGaAs  (oxide  removal,  nltridatlon  and  SI3N4 
deposition).  Dependence  of  treatment  condi¬ 
tions  on  the  electrical  characteristics  of 
MIS  structures  will  also  be  discussed. 

2.  EXPERIMENTAL 

The  multipole  first  used  by  Llmpaecher  and 
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McKenzie  [9]  consists  In  an  electron  emitter 
(a  hot  filament)  negatively  biased  (typically 
20  to  100  V)  with  respect  to  the  walls  of  a 
“magnetic  container*.  The  primary  electrons 
oaitted  by  the  filament  are  confined  by  per¬ 
manent  magnets  mounted  around  the  walls  of 
the  chamber,  and  Ionize  the  low  pressure  ga¬ 
ses.  This  configuration  produces  chemically 
active  species  without  high  energy  Ions  and 
dense  pi  a  seas  at  low  pressures.  The  plasma 
conditions  are  dependent  upon  four  parame¬ 
ters:  the  filament  bias,  the  discharge  cur¬ 
rent  between  filament  and  vessel,  the  total 
pressure  and  the  composition  of  the  gases  In 
the  plasma.  Our  experimental  system,  descri¬ 
bed  elsewhere  [10],  Is  equipped  with  an  el- 
llpsometer  to  monitor  the  whole  passivation 
process  by  kinetic  (KE)  and  Spectroscopic 
(SE)  Elllpsaaetry  measurements. 

I"  fl.53Gao.47As  layers  lattice- matched  to 
n+  InP  substrates  are  grown  by  vapor  phase 
epitaxy  using  the  chloride  method.  The  InGaAs 
layers,  about  3  pm  thick,  are  unintentionally 
doped  with  a  residual  carrier  concentration 
around  1015  cm-3  (n  type),  room  temperature 
and  77  K  mobilities  respectively  of  the  order 
of  9000  cm?  V’ls-I  and  40  000  cm?  V As-*.  The 
samples  are  chemically  cleaned  In  solvents 
and  deoxidized  In  diluted  HF  before  Introduc¬ 
tion  Into  the  ultra-high  vacuum  system.  After 
passivation,  a  one-hour  annealing  at  400* C  Is 
performed  under  Ar  or  H2.  Finally,  Tl/Au  dots 
are  evaporated  through  a  metal  mask  and  an¬ 
nealed  15  min  at  400  *C  under  argon  or  hydro¬ 
gen.  Electrical  characterizations  are  perfor¬ 
med  with  a  HP  4192  A  Impedance  analyser  to 
measure  capacitance  and  conductance  versus 
voltage  from  500  Hz  to  10  MHz. 

3.  PLASMA  TREATMENTS  OF  InGaAs  SURFACES 

3.1.  In  situ  removal  of  native  oxide. 

Removal  of  native  oxide  must  not  degrade 
the  InGaAs  surface  by  Introducing  roughness 
or  perturbations  In  the  stoichiometry.  This 


leads  to  use  plasma  densities  lower  than 
10*1  car3  [a].  The  removal  of  native  oxide  Is 
achieved  by  a  heating  at  240  *C  followed  by  a 
Hydrogen  reducing  plasma  at  185  *C.  Between 
each  step,  the  sample  1$  cooled  back  to  room 
taaperature  in  order  to  perform  SE  measure¬ 
ments  required  for  a  precise  analysis  of  the 
surface  state.  Figure  1  shows  the  experimen¬ 
tal  KE  trajectories  measured  at  3.7  eV  during 
heating  at  240  *C  and  further  cooling  under 
high  vacuint.  Theoretical  trajectories  corres¬ 
ponding  to  various  native  oxide  thicknesses 
and  substrate  temperatures  [8]  are  also  drawn 
on  this  Figure  and  show  that  the  Initial  sur¬ 
face  Is  covered  with  about  10  A  of  native 
oxide  which  Is  reduced  to  about  5  A  after  the 
ffrst  heating.  In  spite  of  the  high  vacuum, 
the  surface  Is  slightly  reoxidized  during  the 
first  cooling  (24  h).  However,  the  second 
heating  (185  *C)  regenerates  the  previous 
surface,  the  H2  reducing  plasma  at  185  *C 
during  1  min  30  s  completely  removes  the  na¬ 
tive  oxide  but  leaves  also  a  reactive  surface 
trfilch  reoxidizes  during  the  second  cooling. 


FIGURE  1 

Kinetic  Elllpsometry  trajectories  measured  at 
3.7  eV  on  InGaAs  sample  during  in  situ  native 
oxide  removal . 

3.2.  Native  nltrldatlon 
As  previously  discussed,  the  clean  surface 
Is  very  reactive  and  needs  to  be  stabilized. 
Fbr  this  purpose.  Nitrogen,  which  has  the 
same  valence  as  As,  Is  used  to  saturate  all 
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dangling  bonds  at  th«  surface.  After  a 
beating  at  205  *C  which  eliminates  all 
adsorbed  atoms,  a  Ng  plasma  is  performed  at 
150  *C  during  1  min.  KE  trajectories  repre¬ 
sented  on  Figure  2  show  that  about  11  k  of 
native  nitride  are  formed  during  this  step. 


Kinetic  Elllpsometry  trajectories  measured  at 
3.7  eV  on  InGaAs  sample  during  the  native  nl- 
trldatlon. 

3.3.  Silicon  nitride  deposition 

After  the  “cleaning*  treatment  of  the  sur¬ 
face.  the  sample  Is  transferred  under  ultra 
high  vacuum  Into  the  deposition  chamber.  A 
silicon  nitride  film,  about  700  k  thick  Is 
deposited  at  room  temperature  on  the  passiva¬ 
tion  surface  using  a  multipolar  plasma  of 
SIH4  and  Ng.  The  stoechlometry  of  this  film 
has  been  shown  to  strongly  depend  upon  the 
deposition  conditions  [11]  and  especially  on 
the  SIH4/N2  ratio,  the  discharge  current,  the 
total  pressure  and  the  substrate  temperature 
for  a  given  bias  on  the  filament.  Using  spec¬ 
troscopic  elllpsometry  data,  films  have  been 
modelled  by  a  mixture  of  pure  SI3N4  and 
SI 02*  The  concentration  of  oxygen  In  the  film 
Increases  when  the  deposition  rate  Increa¬ 
ses.  Besides,  Infra-red  absorption  analysis 
of  films  deposited  on  low  doped  Silicon 
wafers  show-  that  these  films  never  contain 
St-H  while  a  few  N-M  exist  In  case  of  a  depo¬ 
sition  rate  higher  than  24  Mein  (Figure  3). 
SI K  maximum  absorption  peak  varies  also  with 
the  deposition  rate  in  agreaent  with  the 


variation  of  stoechlometry. 


FIGURE  3 

Infra-red  absorption  spectra  of  silicon  ni¬ 
tride  films. 

4.  ELECTRICAL  CHARACTERISTICS 

MIS  structures  have  been  first  fabricated 
on  untreated  InGaAs  surfaces  (l.e.  with 
native  oxide)  In  order  to  test  the  Influence 
of  the  stoichiometry  of  the  silicon  nitride 
film  on  the  electrical  properties  of  the 
Interface.  The  1  MHz  C(V)  curves  presented  on 
Figure  4  show  that  the  modulation  of  capaci¬ 
tance  Increases  when  the  deposition  rate 
decreases  or  when  the  films  approach  stoi¬ 
chiometry.  On  the  contrary,  films  containing 
a  large  amount  of  oxygen  and  NH  bonds  lead  to 
poor  electrical  properties  and  a  nearly 
pinned  Fermi  level .  However  the  Interface 
state  density  Is  still  large  (In  the  range  of 
10*2  car 2  eV-1)  in  the  best  case. 

Kinetic  and  spectroscopic  elllpsometry 
have  shown  that  multipolar  plasma  treatments 
of  the  In6aA$  surface  can  completely  remove 
the  native  oxide  without  optical  degrada¬ 
tion.  Electrical  characteristics  of  MIS 
structures  fabricated  using  different  plasma 
conditions  for  the  oxide  removal  have  been 
measured  by  the  conductance  method  [12].  A 
typical  set  of  C(V)  curves  recorded  at  va¬ 
rious  frequencies  on  an  undegraded  surface  Is 
shown  In  Figure  5.  A  large  capacitance 
modulation  Is  observed  on  the  high  frequency 
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FIGURE  4 


1  MHz  capacitance  normalized  to  the  Insulator 
capacitance  Ci  versus  voltage  of  InGaAs  MIS 
structures. 
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FIGURE  5 


Typical  set  of  C(V)  curves  at  various  fre¬ 
quencies  for  an  InGaAs  surface  prepared  in  a 
plasma  with  a  low  concentration  of  ionized 
hydrogen. 

10  MHz  curve  together  with  a  small  capacitan¬ 
ce  dispersion  In  the  accueulation  region.  The 
1  kHz  C(V)  curve  clearly  shows  Inversion  of 
the  InGaAs  surface.  For  clarity,  hysteresis 
has  not  been  drew  but  a  clockwise  hysteresis 
of  about  0.7  V  amplitude  is  observed  with  a 
sweep  voltage  reap  of  40  MV/s.  This  hystere¬ 


sis  can  be  explained  by  electron  Injection 
Into  the  Interface  as  proposed  by  Heinan  and 
Warfield  f 13).  The  Interface  state  density 
N$S  was  measured  as  a  function  of  band  ben¬ 
ding  on  MIS  structures  by  the  conductance 
technique. 
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FIGURE  6 

Equivalent  parallel  conductance  (Gp/w)  versus 
frequency  of  MIS  structure  described  in 
figure  5. 

In  Figure  6,  the  equivalent  parallel  conduc¬ 
tance  divided  by  the  angular  frequency  (Gp/w) 
is  represented  versus  frequency  for  a  MIS 
structure  fabricated  on  a  Gain As  surface 
treated  in  a  plasma  containing  a  low  con¬ 
centration  of  Ionized  hydrogen.  The  SI3N4 
film  has  been  deposited  under  optimized 
conditions  discussed  previously  and  annealed 
under  H2.  These  Gp/w  versus  frequency  curves 
follow  the  classical  curves  for  the  SI-SIO2 
system  (but  at  higher  frequencies  due  to  the 
smaller  band  gap  of  InGaAs),  being  nearly 
flat  near  flatband  and  peaked  in  weak 
inversion.  Figure  7  summarizes  N$s  data 
determined  by  the  conductance  technique  on 
MIS  structures  In  which  the  plasma  conditions 
for  oxide  removal  and  the  annealing  gas  are 
the  only  varied  parameters.  A  low  concen¬ 
tration  of  Ionized  hydrogen  leads  to  a  low 
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Interface  state  density  in  the  range  of 
O-SJxloHarZeV"1.  Nearly  pinned  Fermi  level 
Is  obtained  when  Increasing  the  exposure  tine 
and  the  density  of  the  plasna  treatment. 
Annealing  under  hydrogen  Is  also  Influencing 
the  electrical  properties  of  the  Sl3N4/InGaAs 
Interface. 


Ev  SURFACE  POTENTIAL(eV)  Ec 

FIGURE  7 

Distributions  of  the  Interface  state  density 
in  the  band  gap  of  InGaAs  for  various  oxide 
removal  treatments  (A  :  low  concentration  of 
Ionized  hydrogen,  B  :  high  concentration  of 
Ionized  hydrogen). 

CONCLUSION 

A  complete  passivation  scheme  has  been  In¬ 
vestigated  on  InGaAs  surfaces.  Combining  In- 
si  tu  kinetic  and  spectroscopic  elllpsometry 
measurements,  a  range  of  experimental  condi¬ 
tions  In  which  no  optical  degradation  occurs 
on  the  surface  has  been  determined.  Electri¬ 
cal  characterizations  of  the  Sl3N4/InGaAs 
Interface  on  MIS  structures  have  shown  that 
optimum  conditions  are  even  more  restricted 
but  that  excellent  Interface  properties  can 
be  obtained  using  multipolar  plasma  treat¬ 
ments  In  a  ultra  high  vacuum  system. 
Stoichiometry  of  the  SI3N4  film  Itself  has 
also  been  shown  to  strongly  affect  the  elec¬ 


trical  properties  of  MIS  structures.  N$s  In 
the  low  10*1  car2  eV-1  Indicates  that  the 
optimized  passivation  process  Is  suitable  for 
a  MISFET  gate  Insulator. 
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VISIBLE  LIGHT  a-SIC  THIN  FILM  LED  AND  ITS  APPLICATION  TO  NEW  OE-FUNCT IONAL  ELEMENTS 

Yoshlhiro  HAMAKAHA,  Duett  KKUANGAM,  Hiroaki  OKAMOTO  and  Hldeyuki  TAKAKURA 

Faculty  of  Engineering  Science,  Osaka  University, 

Toyonaka,  Osaka  560,  Japan. 

A  visible-light  injection-type  electroluminescence  thin  film  diode  made  of 
amorphous  silicon  carbide  (a-SIC  TFT, ED)  has  been  developed.  The  device  has  a  basic 
structure  of  p  (a-SiC)/i  (a-SIC) /n  (a-SIC).  The  emission  color  could  be  controlled 
from  red  to  green  by  adjusting  th^  carbon  content  x  in  the  a-Si,  C  luminescent 
1-layer.  The  brightness  of  5  cd/m  wap  obtained  for  the  yellow  LED  with  a  forward 
injection  current  density  of  200  mA/cm  .  A  series  of  technical  data  on  the  device 
fabrication  technology,  injection  efficiency  Improvement  and  resulting  device 
characteristics  are  presented,  and  discussed  in  relation  to  the  carrier  injection 
and  recombination  mechanisms.  The  developed  a-SIC  LED  has  some  significant 
advantages  over  the  conventional  crystal  LEDs,  such  as  wide  area,  ease  of 
fabricating  Integrated  type  multi-color  or  tunable  color  LED s,  and  low  cost. 
Utilizing  these  unique  significances,  new  type  of  opto-electronlc  functional 
elements  are  proposed  and  discussed. 

1.  INTRODUCTION  a-Si:H  and  also  a-Si:H  p-i-n  junction  at  low 

Since  the  recent  success  of  valency  electron  temperature  in  1976  (9).  Since  then,  the  same 

control  in  the  glow  discharge  produced  kind  of  observation  has  been  reconfirmed  by 

amorphous  Silicon  Carbide  (a-SlC:H)  in  1981  several  groups  (10-13).  Recently,  a  visible 

(1),  so  called  amorphous  silicon  alloy  age  has  electroluminescence  has  been  observed  by 

opened  up,  and  a  group  of  new  materials  such  as  Munekata  et  al  (14)  and  Matsunaml  et  al  (15) 

amorphous  silicon-germanium  (a-SiGe:H),  in  ac-drlven  a-SiC:H  layer  sandwitched  with 

amorphous  silicon-nitride  (a-SiN:H)  and  insulating  layers.  The  operation  voltage  was 

amorphous  silicon-tin  (a-SiSn:H)  have  been  more  than  100  V,  because  this  emission  was 

successively  born  in  the  following  few  years.  based  upon  an  intrinsic  electroluminescence. 

The  significance  of  this  material  innovation  is  For  the  practical  application  to  a  thin  film 

that  one  can  control  electrical-,  optical-  and  display  panel  and/or  opto-electronic  coupled 

also  opto-electronlc-propertiss  by  controlling  functional  element,  we  do  need  more  low 

atomic  compositions  in  the  mixed  alloys.  threshold  voltage  device  by  an  injection  type 

Therefore,  a  wide  varieties  of  application  electroluminescence 

fields  has  also  been  opened  up  for  this  new  He  have  challenged  along  this  line  and  tried 

electronic  material.  In  fact,  a-SIC/a-Si  to  develop  a  visible  light  injection 

heterojunction  solar  cells  (2),  a-Si/a-SiGe  electroluminescence  a-SiC:H  p-i-n  diode  (a-SIC 

stacked  solar  cells  (3),  superlattice  devices  TFLED) ,  and  succeeded  in  obtaining  red,  orange, 
(4),  a-Si/a-SiN  thin  film  transistors  (5),  yellow  and  green  color  emissions, 

photo-receptors  (6) ,  X-ray  sensor  (7) ,  color  The  purpose  of  this  paper  is  to  present 

sensors  (8)  etc  have  been  developed  and  some  of  technical  data  on  the  material  preparation  and 

then  are  already  in  commercial  market.  its  optoelectronic  properties,  cell  structure. 

On  the  electroluminescence  in  a-Si,  fastly,  LED  characteristics  and  mechanism 

Pankova  et  al  have  reported  an  Infrared  identifications.  The  developed  TFLED  has 

emission  from  a  shottky  barrier  Interface  of  various  attractive  advantages;  it  can  be 
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FRACTION  OF  CARBON  HYDRIDE  GAS  (s) 

Pig.  1  Variations  of  optioal  energy  gap  of 
a-SiC  :B  with  carbon  hydride  gas  fraction 
in  the  source  gas  SiH 

operated  with  a  ouch  lower  applied  voltage  as 
compared  with  an  Intrinsic  EL  type,  and  this 
results  In  the  possibility  of  coupling  with  its 
driving  circuits,  e.g.,  crystalline  integrated 
circuit  or  a-Sl  thin  film  film  transistor,  and 
one  can  construct  a  3-dimensional  opto¬ 
electronic  integrated  circuit  (0E-1C) .  In  this 
paper,  possibilities  of  this  kind  of  new 
applications  are  also  proposed  and  discussed. 

2.  PREPARATIONS  AND  PROPERTIES  OF  a-SlC:H 

a-SlC:H  films  were  prepared  mostly  by  the 
cross  field  plasma  CVD  system  (16).  The  plasma 
Is  excited  by  rf  (13.56MHz)  power  In  parallel 
to  the  aubatrate  surface.  An  additional  DC  bias 
la  applied  vertically  to  the  substrate.  As  Is 
now  well  recognised,  material  properties  are 
sensitive  to  the  electric  potential  near  the 
substrate  surface.  The  DC  bias  Is  then  used  to 
adjust  this  substrate  potential  so  as  to  obtain 
the  required  material  properties,  such  as  high 
electrical  conductivity  and  wide  optical  band 
gap  of  Injector  layers.  The  substrate 
temperature  is  180*C.  The  total  gas  pressure 
during  the  deposition  Is  1  torr.  CH^,  CjH^, 
CjHj  or  IMS  (tetranethylsllana)  wars  used  as 
carbon  source  gases.  Figure  1  shows  the 


relation  between  the  optical  energy  gap  of 
undoped  a-SlC:H  and  the  fraction  of  carbon 
hydride  gas  used  In  the  reaction  gas.  The 
optical  gap  of  a-SiC:H  Increases  monotonlcally 
from  1.7  eV  to  more  than  3.0  eV  with  increase 
in  the  carbon  gas  fraction.  It  should  be  noted 
that  the  optical  gaps  of  CjH^-  and  based 

a-SiC:K  are  larger  than  those  of  CH^-  based 
a-SlC:H.  Since  the  emissive  photon  energy 
should  be  essentially  limited  by  the  optical 
gap  energy,  a-SlC:H  possessing  a  wide  band  gap 
Is  preferable  for  obtaining  visible  emission. 

The  a-SiC  TFLED  developed  In  this  work  has 
a  structure  of  p  (a-SiC)/i  (a-SiC/n  (a-SIC). 
In  this  type  of  device,  p  (a-SIC)  and  n  (a-SiC) 
act  as  the  Injectors  of  holes  and  electrons 
Into  the  luminescent  active  1- layer,  and 
thereby  the  LED  performance  primarily  strongly 
depends  on  the  carrier  Injection  efficiency. 
Therefore,  It  is  of  great  importance  to  have  a 
wlde-gap  with  highly  conductive  p-  and  n-  type 
a-SiC  as  injector  layers.  For  this  purpose,  we 
adopted  the  cross-field  plasma  CVD  technique. 
It  has  already  been  demonstrated  (16)  that  an 
application  of  positive  DC  bias  voltage  at  the 
substrate  results  In  a  drastic  Increase  of  the 
dark  conductivity  of  boron  doped  a-Sl:H.  In 
this  work,  the  similar  effect  of  DC  bias 
voltage  has  also  been  found  in  a-SiC :H  systems. 
Moreover,  an  increase  of  the  optical  gap  has 
been  found  for  example,  from  Eq«1.87  eV  to  2.0 
eV  (17). 

Another  approach  we  have  tried  to  prepare  a 
wlde-gap  hlghly-conductive  p  type  a-SIC 
Injector  Is  by  using  Electron  Cyclotron 
Resonance  (ECR)  plasma  CVD.  The  details  of 
the  ECR  CVD  and  preparation  techniques  have 
been  reported  in  our  recent  paper  (18).  A 
result  of  the  relation  between  the  dark 
conductivity  and  the  optical  energy  gap  of 
boron  doped  p  a-SIC  prepared  by  ECR  plasma  CVD 
and  by  conventional  rf  plasma  CVD  has  been 
shown  in  Fig. 2.  As  can  be  seen,  as  the 
optical  energy  gap  Increases,  the  dark 
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Fig.  2  Relation  between  the  dark-conductivity 
arid  the  optical  gap  B .  o/  boron  doped  p-type 
a-SiC  prepared  by  ECRU plaema  CVD  and  rf 
plasma  CVD. 


conductivity  (c>D)  for  the  materials  prepared  by 
rf  plasma  CVD  rapidly  decreases.  While  aQ  for 
the  materials  prepared  by  ECR  CVD  still  retains 
higher  than  10  (S/cm)  even  the  optical  energy 
gap  exceeds  2.5  eV.  The  highest  oQ  obtained  is 
20  (S/cm)  as  shown  in  the  mark-]#-  and  the 
material  has  an  extremely  small  &E  (E^-Ey)  leas 
than  0.1  eV  with  a  low  content  of  hydrogen 
content  around  51.  The  results  from  Raman 
spectra  measurement  have  shown  that  the 
material  prepared  by  ECR  CVD  has  a 
mlcrocryatalllne  phase.  It  is  noted  here  to 
avoid  the  degradation  of  ITO/SnO^  electrode 
caused  by  Che  hydrogen  radicals  in  the  ECR 
plasma  that  the  TFLED  device  structure  has 
been  modified  to  be  an  Invert  type>  that  is 
ITO/SnO^/n-i-p/Al,  in  which  the  n-  and  1-layerr 
were  prepared  by  rf  plasma  CVD  and  p-layer  by 
ECR  CVD. 


3.  BASIC  CHARACTERISTICS  OF  a-SIC  p-i-n  TFLED 
a-SIC  TFLED  developed  has  a  junction 
structure  of  glass/ITO/SnOj/p  (a-SiC) /i 


(a-SiC)/  n  (a-SiC) /A1  as  shown  in  Fig. 3.  The 
thicknesses  of  p-  and  n-  (a-SiC)  injector 
layers  are  150  A  and  300  A.  respectively.  The 
optical  band  gap  of  the  luminescent  i-layer  was 
varied  in  the  range  from  2.2  to  3.7  eV.  The 
substrate  temperature  and  the  total  gas 
pressure  during  the  deposition  are  180*C  and  1 
torr,  respectively.  It  should  be  noted  that 
the  a-SiC  TFLED  formed  on  a  milky-rough 
ITO/SnOj  exhibits  larger  electroluminescent 
(EL)  intensity  than  that  formed  on  a  smooth 
ITO/SnOj  by  one  order  of  magnitude.  This  may 
be  due  to  both  a  better  electrical  contact 
between  ITO/SnO^  and  p  a-SiC,  and  a  reduction 
of  apparent  refractive  index  of  the  p-layer. 

Figure  4  shows  a  schematic  band  diagram  of  a 


n  a-SIC  (300 A) 

i  a-SiC  (250-  1000A) 
pa-SiC  (ISO A) 

(- — ITO/Sn02 

Glass  substrata 


Fig.  3  A  schematic  illustration  of  a-SiC 
p-i-n  function  TFLED  formed  on  a 
gla88/IT0/Sn0 £  substrate. 


(b)  FORWARD  BIAS 

Fig.  4  Energy  band  diagram  of  a-SiC  p-i-- 
junction  TFLED  at  thermal  equi librivm  (a> 
and  forward  bias  (b)  conditions. 
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cig.S  J-V  oharacteriatioe  of  a-SiC  p-i-n  TFLEu, 
E-  denotes  the  optical  gap  of  i-layer. 

'/Tie  thiakneaa  of  i-layer  in  the  case  is  1000A. 

SIC  p-l-n  junction  in  thermal  equilibrium  (a) 
and  forward  bias  (b)  conditions.  In  this  LED, 
Injection  electroluminescence  can  be  observed 
only  In  a  forward  bias  condition.  In  order  to 
obtain  a  visible  luminescence,  the  optical  band 
gap  of  the  1-layer  has  to  be  larger  than  about 
2.5  eV,  as  dediced  from  the  results  of  the 
photoluminescence.  While  the  optical  band 
gaps  of  p-  and  n-  a-SiC  layers  should  be 
chosen  around  2.0  eV  to  ensure  the  effective 
valency  controllability  to  p  or  n.  Thus, 
there  should  exist  band  discontinuities  at  the 
p/i  (AEy)  and  1/n  (AEc)  interfaces.  These 
band  discontinuities  have  been  estimated  from 
the  results  of  the  internal  photoemission 
measurement  (19).  For  Instance,  for  Eq  of  1 
layer  ■  2.58  eV  and  Eq  of  p-,n-  layer  ■  2.00 
eV,  the  conduction  band  discontinuity  AE^  at 
the  1/n  Interface  and  the  valence  band 
dtacontlnuity  AEy  at  the  p/1  Interface  are  0.19 
eV  and  0.A8  eV,  respectively. 

Figure  5  shows  logarithmic  plots  of  the  J-V 
characteristics  measured  at  room  temperature 


for  various  optical  gaps  of  1  layers (  2.29, 

2.48,  2.58  and  2.64  eV.).  In  these  samples, 

the  thickness  of  the  1  layer  was  set  at  1000  A. 

As  can  be  seen,  even  though  a-SiC  is  used  for 

the  1  layer,  the  rectification  ratio  of  more 

than  10^  is  obtained  at  5  V  for  the  sample  with 

E  >2.29  eV.  However,  it  should  be  remarked 
o 

that  when  the  optical  gap,  or  In  other  words 
the  carbon  content,  of  the  1  layer  Increases, 
the  threshold  voltage  tends  to  increase.  The 
threshold  voltage  is  here  defined  as  the 

voltage  required  to  give  a  current  of  10-/ 

2 

A/cm  .  This  might  be  partly  due  to  the 
Increase  of  series  resistance  In  the  1  layer 
itself  and  to  the  Increase  of  the  barrier 
height  at  both  p/1  and  i/n  interfaces. 

Here,  we  will  briefly  discuss  the  carrier 
transport  mechanism  in  the  a-SiC  p-l-n 
junction.  When  the  tunneling  process 
dominates  the  diode  current  in  the  high  voltage 
region.  It  Is  expressed  by  (20): 

J  cc  £2expt-4V2«*  C^»)t/3 qhE],  (l) 

where  J  is  the  current  density,  E  the  applied 
electric  field  across  the  1  layer,  and  m 
denotes  the  effective  mass  of  the  carrier,  q 
the  electron  charge,  il  the  Planck  constant.  * 

O 

is  the  effective  barrier  height  for  tunneling 

which  in  this  case  corresponds  to  the  band 

discontinuities  AE  or  AE  . 

c  v 

Figure  6  shows  J-V  characteristics  of  a-SiC 
p-l-n  junctions  for  forward  bias  voltage,  where 
the  optical  gap  of  the  1  layer  Is  2.68  eV  and 
the  1  layer  thickness  is  varied  from  500  to  750 
A.  If  a  tunneling  process  dominates  and  an 
applied  forward  voltage  V  is  uniformly 
distributed  through  the  sample  of  thickness  d, 
eq.(l)  suggests  that  log(J/V  )  should  have  a 
linear  relation  with  1/V.  In  order  to  verify 
this  relation,  the  J-V  characteristics  are 
replotted  into  the  log(J/V^)  vs  1/V  in  the 
inset  of  Fig. 6.  The  inset  figure  reveals  that 
log(J/V2)  is  in  proportion  to  1/V  in  the  high 
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Fig.  6  J-V  ohaiacteriatics  of  ORANGE  a-SiC 
TFLED  as  a  function  of  i-layer  thickness. 
The  optical  gap  of  i-  layer  is  2. 88  eV. 

The  inset  shove  J/v  -1/V  plots  indicating 
a  tunneling  injection  in  the  TFLEDs. 

voltage  region,  where  we  can  observe  the 

electroluminescence.  The  effective  barrier 

height  can  be  evaluated  from  the  slope  of  these 

curves.  Assuming  that  the  effective  carrier 

mass  is  just  equal  to  the  free  electron  mass, 

the  effective  barrier  height  has  been  found  to 

be  about  0.25±0.03  eV.  This  value  is  close  to 

the  conduction  band  discontinuity  at  the  n/i 

interface  AE  >0.22  eV,  which  was  estimated  from 
c 

the  lnternal-photoemlsslon.  The  above 
discussions  lead  to  a  conclusion  that  the 
dominant  current  in  the  high  voltage  region 
(5-10  V)  is  the  electron  tunneling  current 
through  the  energy  barrier  at  the  i/n 
Interface.  Since  the  energy  barrier  at  the  p/i 
interface  AE^  is  larger  than  AEc,  the  hole 
tunneling  current  is  considered  to  make  only  a 
minor  contribution  to  the  total  diode  current. 
For  the  electroluminescence,  however,  not  only 
electrons  but  also  holes  mist  be  injected  into 
the  1-layer.  Therefore,  the  hole  tunneling 
current  vill  play  a  central  role  in  the 
electroluminescence  (EL)  property.  Fig, 7  shows 
the  relation  between  the  EL  Intensity  and 


Fig.  7  Log-log  plots  of  EL  intensity  vs 
injection  current  density  for  various 
optical  gape  of  p -layers. 

injection  current  density  measured  at  room 
temperature.  The  solids  lines  are  for  the 

n-i-p  types,  of  which  the  p-layers  were 

prepared  by  ECR  CVD.  For  comparison,  the 
result  of  p-i-n  type,  in  which  all  layers  were 
prepared  by  rf  plasma  CVD  is  shown  with  the 
broken  line.  The  optical  energy  gaps  for  n- 
and  i-layers  were  2.0  eV  and  2.92  eV, 

respectively.  It  is  likely  that  the  n-i-p  type 
is  somewhat  inferior  to  the  p-i-n  type.  This 
might  be  due  to:  1)  the  effect  of  residual 

phousphorus  impurity  inclusion  in  the  1-layer 
(21)  and  2)  the  effect  of  internal-absorption 
since  the  radiative  recombination  mainly  takes 
place  in  the  i-layer  near  the  i/p 
interface(17) .  However,  increasing  the  optical 
energy  gap  of  the  p-layer  in  the  n-i-p  type, 
the  EL  intensity  gradually  increases  and 
becomes  higher  chan  that  of  the  reference  p-i-n 
type  by  two  times  of  magnitude.  The  EL 
spectra  for  n-i-p  LEDs  are  shown  in  Fig. 8.  As 
the  optical  energy  gap  of  p-layer  Increases, 
the  EL  spectrum  shifts  towards  shorter 
wavelength  and  the  emitting  color  drastically 
changes  from  red  to  orange  and  to  yellow.  The 
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PHOTON  ENERGY  («V) 


fig.  8  EL  spectra  of  a-SiC  TILED  ae  a  flotation 
of  the  optioal  gap  of  p-layar.  The  spectrum 
of  the  i-layer  used  in  the  TILED  ie  also 
8 houn  for  comparison.  The  th iakneee  of  i-layer 
in  the  oaee  ie  SOOA. 


Fig.  9  Swnarized  data  on  the  dependence  of 
EL  intensity,  EL  peak  energy  on  the  optical 
gap  of  p-layer. 


dash  line  shown  in  the  figure  is  the  PL 

spectrum  (excited  by  365nm  light)  of  i  a-SiC 

film  Identical  to  the  one  used  in  the  n-i-p 
junctions.  It  should  be  noted  that  as  the 
optical  energy  gap  of  the  p- layer  increases, 
the  EL  spectra  shift  closer  to  the  position 
of  the  PL  spectrum.  Fig. 9  summarizes  the 
dependence  of  the  EL  Intensity  and  the  peak 
energy  of  the  spectrum  on  the  optical  energy 
gap  of  the  p-layer.  The  results  in  Figs. 8  and 
9  indicate  that  the  EL  performances  strongly 
depend  on  the  properties  of  the  p-type 

injector.  The  increase  of  the  optical  energy 
gap  of  the  p-layer  decreases  the  barrier 
height  for  holes  to  tunnel,  or  In  other  words, 
Ilf  ts  holes  up  to  be  Injected  into  the 

localized  tall  states  locating  closer  to  the 
valence  band  edge  of  the  1-layer  and  this 
results  in  the  Improvement  of  the  EL 
performances.  Figure  10  shows  an  example  of 

the  application  of  a-SiC  LED  as  a  large  area 

2 

display.  The  emitting  area  is  about  115  mm  . 


Fig. 10  Example  of  a  real  yellow  emitting 
a-SiC  TFLED.  JThe  area  of  the  rabbit  is 
about  125  tot!  . 
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EL  PEAK  ENERGY  (eV) 


The  color  Is  yellow  sad  the  brightness  is 
2 

about  5  cd/m  at  tha  Injection  currant  of  20mA 
and  about  10V. 

At  present,  further  efforts  hare  also  bean 
being  dona  to  increase  tha  brightness  by 
another  one  order  of  aegnltude  In  our 
laboratory.  By  combining  a  new  preparation 
technology  such  as  ECR  microcrystalline  SIC, 
with  new  device  structures;  e.g.,  superlattice 
1-layer  and  stacked  p-i-n/p-l-n  etc.(  22),  we 

hope  that  the  final  goal  of  the  brightneas  for 

2 

a  practical  uae  store  than  SO  cd/a  should  be 
overcoae  in  the  near  future. 

4.  APPLICATIONS  TO  OPTOELECTRONIC  FUNCTIONAL 

ELEMENTS 

Another  realistic  application  of  TFLED  at 
present  stage  of  brightness  would  be  opto¬ 
electronic  (OE)  functional  elesients.  Since 
first  proposal  of  optoelectronic  devices  by 
E.E.  Loebner  In  1959  (23),  considerable  efforts 
have  been  paid  to  develop  various  OE  functional 
elements  such  as  image  convertor,  image  storage 
devices  etc  (24) .  However  no  practical  devices 
have  been  developed  so  far  due  to  mismatching 
of  opto-electronic  coupling  circuit  and  also 
technical  difficulties  of  the  integration  of 
electroluminor  (EL  panel)  and  photosensor 
(II-VI  compound  photoconductor).  He  have  been 
conducting  a  series  of  basic  research  on  a  new 
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optoelectronic  integrated  circuit  (OE-IC)  with 
full  utilisation  of  unique  advantages  of  a-SiC 
TFLED  and  a-Si  solar  cell  technologies  such  as 
a  wide  area  with  low  driving  voltage  and  ease 
of  multi-layered  structure  by  low  temperature 
process  on  any  foreign  substrates. 

Figure  11(a)  ahowa  a  construction  of  the 
basic  three  OE-loglc  circuits  by  combinations 
of  TFLED  and  TFPDA  (Thin  Film  Photo-Diode 
Array),  and  (b)  is  the  corresponding  equivalent 
OE  circuits.  By  combining  these  basic  logic 
circuits  with  the  electrical  or  optical 
storage,  one  can  easily  construct  an  OE-Shlft 
Reglstor,  a  Flip-Flop,  a  functional  generator 
and  an  adder.  Therefore  an  OE-computer  might 
be  developed. 

With  use  of  big  significances  of  two 
dlmentional  information  processing  in  this 
OE-IC,  the  image  convertor,  image  storage  and 
pattern  recognition  devices  could  be  also 
developed.  Fig*  12  shows  a  schematic 
illustration  of  the  opto-electronic  image 
translator.  In  the  figure,  DIPUs  (Distributed 
Image  Processing  Unit)  are  constructed  by 
integrated  TFLEDs  and  a-Si  solar  cells.  An 
extremely  fast  information  processing  can  be 
done  because  of  two  dlmentional  parallel 
access.  A  series  of  systematic  basic  research 
has  been  just  started  and  in  progress. 


Til# 


SompUng  Fkttrlng  Transformation 


t'ig.12  A  proposed  OR-IC  device  whioh  has  funoticme  of  not  only  image  tcjnsl-ation, 
pattern  recognition  but  also  image  association  whioh  might  be  accomplished  by 
combining  with  image  characterization  process. 
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Damages  due  to  hot-carrier  injection  and  exposure  to  ionizing  radiation  are  linked  through  the 
kinetics  of  hole  trapping  and  their  conversion  to  fast  states  at  the  Si/SiOy  interface.  The 
processing  conditions  and  the  presence  of  hydrogen  ambient  have  similar  impact  on  the  device 
response  to  these  two  degradation  mechanisms.  For  a  given  probability  of  hot  hole  generation 
and  their  injection,  an  increased  radiation  softness  of  an  MOS  device  would  result  in  an 
increased  susceptibility  to  hot-carrier  degradation. 


1.  INTRODUCTION 

The  degradation  of  MOS  IC’s  due  to  injection  of 
hot-carriers  is  no  longer  a  scientific  curiosity.  This 
mechanism  is  likely  to  become  a  major  stumbling 
block  in  the  advance  of  the  silicon  IC  technology. 
Accordingly,  the  study  of  this  mechanism  has  become 
an  integral  part  of  the  technology  development.  It 
has  been  now  well  recognized  that,  as  a  resuit  of 
hot-carrier  injection,  structural  and  chemical  changes 
occur  at  the  Si/SiOj  interface.  The  changes  manifest 
in  terms  of  trapped  carriers  and  interface  states  in 
short-channel  length  MOSFETs.  Several  physical 
models  that  describe  these  changes  have  been 
advanced  in  the  literature  [1-4]. 

Based  on  the  characterization  of  devices  over  a 
wide  range  of  operation,  we  have  proposed  a  physical 
model  for  device  degradation  which  invokes  the 
injection  of  hot  holes  and  their  conversion  to 
interface  states  [4].  The  exposure  to  ionizing 
radiation  is  known  to  trap  holes  at  the  Si/SiOj 
interface.  We  have  observed  that  the  two 
mechanisms,  the  hot  hole  injection  and  the  ionizing 

radiation,  involve  similar  kinetics  of  hole  trapping 
and  conversion  of  holes  into  fast  states.  As  a  result, 

the  impact  of  these  mechanisms  on  device 
characteristics  are  similar.  The  purpose  of  this  paper 
is  to  discuss  those  similarities.  The  terms  interface 
states  and  fast  states  are  used  interchangeably. 


2.  EXPERIMENTAL 

In  these  experiments,  MOSFETs  fabricated  with 
the  n-channel  Si-gate  technology  were  used.  Some 
devices  had  a  final  encapsulation  layer  of  plasma 
deposited  silicon  nitride  (SiN-Cap)  and  some  devices 
had  no  encapsulation  (No-Cap).  For  radiation 
damage  studies,  large  area  (200pm  x  200pm)  devices 
and  a  laboratory  Co60  source  of  gamma  rays  were 
used.  For  hot-carrier  damage  studies,  short-channel 
length  MOSFETs  were  electrically  stressed  under  dc 
and  ac  conditions  [4,  5],  The  devices  were 

characterized,  before  and  after  damage  and  after 
anneal,  over  a  wide  range  of  operation  in  the  forward 
and  reverse  modes  (source  and  drain  interchanged). 
Only  those  devices  which  had  initially  the  same 
forward  and  reverse  mode  characteristics 
(symmetrical  devices)  were  selected  for  these 
experiments. 

In  addition,  some  DRAMs  were  irradiated  under 
bias  and  others  were  operated  under  electrical  stress 
for  hot-carrier  damage.  Drift  in  their  VDDmin  is 
measured  as  a  function  of  radiation  dose  or  stress 
time.  Voomin  is  the  minimum  voltage  required  for  a 
DRAM  to  operate  under  a  given  set  of  timing 
conditions. 

The  MOSFET  data  is  analyzed,  first  by 
calculating  the  difference  in  the  gate  voltage  (AV0  or 
AVos)  required  to  pass  the  same  channel  current 
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(log)  for  the  MM  Vug  and  Vm  before  and  after 
damage,  and  then  by  plotting  the  difference  as  a 
function  of  log  Ids-  The  drift  at  Ids-!®-11  Amp 
gives  the  magnitude  of  trapped  charges  (AQt)  and 
the  slope  of  the  cum  gives  the  density  of  fast  states 
(AD*)  at  the  Si/SlOj  interface.  The  Sl/SiOa 
interface  will  be  simply  referred  to  as  "the  interface" 
in  the  following  text.  The  details  of  the 
characterisation  are  given  in  the  references  |4-6]  cited 
at  the  end  of  the  text. 

3.  RESULTS  AND  DISCUSSIONS 

Drifts  in  transfer  characteristics  of  a  MOSFET 
due  to  hot  carriers  are  shown  in  Figure  1.  The 
curves  A  and  C  are  the  (semilog)  initial 
characteristics,  both  in  forward  and  reverse  modes, 
taken  at  Vds  —  6V  (saturation  region)  and  Vqs  “ 
0.1V  (triode  region)  respectively.  The  device  was 
symmetrical  before  aging.  After  aging,  the  reverse 
mode  characteristic  at  Vug  —  5V  separated  as  shown 
by  the  dashed  curve  B,  and  the  device  is  no  longer 
symmetrical.  At  Vjg  <■  0.1V,  the  device  remains 
symmetrical  even  after  aging  and  the  drift  is  shown 
by  the  dashed  curve  D.  The  triode  region 
characteristics  at  Vpj  «  0.1V  are  also  plotted  in  the 
linear  mode;  after  the  initial  curve  E  drifts  to 
F.  The  linear  mode  characteristics  show  only  the 
transconductance  degradation  with  a  negligible 
change  in  the  extrapolated  threshold  voltage  (VT). 
From  these  characteristics  alone  it  may  appear  that 
the  observed  drift  is  caused  by  an  increase  in  the 
drain  resistance  due  to  electrons  trapped  in  the  oxide 
above  the  drain  diffusion  [3]  or  due  to  the  creation  of 
fast  states  at  the  interface  near  the  drain  junction. 
However,  when  the  aging  was  continued,  we  observed 
negative  drift  in  the  forward  mode  characteristics  at 
Voe  —  gV,  spreading  of  the  fast  states  into  sub¬ 
threshold  region  and  a  positive  drift  in  the  linear 
mode  VT  as  shown  in  Figure  2.  From  the  linear 
mode  characteristics  alone,  the  positive  AVx  may 


appear  to  be  due  to  trapping  of  electrons  at  the 
interface  near  the  drain.  However,  the  other  two 
observations  listed  above  and  an  additional 
observation  of  channel  shortening  effect  in  the 
forward  mode  lead  us  to  believe  that  this  drift  is  due 
to  injection  of  holes  into  the  oxide  [4].  The  injected 
holes  are  trapped  at  the  interface  near  the  drain 
region.  Some  of  these  trapped  holes  convert  to  fast- 
states  by  capturing  electrons  or  negative  ions  such  as 
H~.  Further  detailed  experiments  [6]  indicate  that 
there  is  a  lifetime  (re)  associated  with  these  trapped 
holes  after  which  they  convert  to  neutral  acceptor¬ 
like  fast  states.  This  process  of  conversion  is  a 
characteristic  of  the  interface,  and  it  is  through  this 
process  that  we  observe  a  link  between  the  hot-hole 
damage  and  the  radiation  damage. 

In  an  ionizing  radiation  (CoN)  environment,  holes 
are  trapped  at  the  interface  independent  of  the 
direction  of  the  electric  field  at  the  interface.  When 
the  gate  is  negative  with  respect  to  the  substrate,  the 
holes  are  injected  from  silicon  into  the  oxide  [6j. 
This  situation  is  analogous  to  the  hot-hole  injection. 
With  positive  gate  voltage,  it  is  generally  accepted 
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FIGURE  It  Gain  degradation  due  to  hot- carrier 
injection. 


FIGURE  2:  Degradation  of  the  device  of  Figure  1 
after  236  hours  of  stress. 

that  the  holes  generated  in  the  oxide  are  trapped  at 
the  interface.  Large  area  MOSFETs  (200/rm  x 
200pm)  were  exposed  to  Co80  source  of  gamma  rays 
under  various  biases  and  their  transfer  characteristics 
were  measured  in  the  forward  and  reverse  modes. 
The  curve  A  in  Figure  3  is  the  drift  under  positive 
bias.  The  curve  is  almost  parallel  to  the  log  Ids  8X18 
suggesting  that,  at  the  interface,  holes  are  trapped 
uniformly  and  a  few  fast  states  are  created  in  the 
high  current  region.  On  the  other  hand,  under 
negative  bias,  a  significantly  large  number  of  fast 
states  is  created  in  the  high  current  region  as  shown 
by  the  curve  A  in  Figure  4.  The  curve  B  in  Figure  4 


FIGURE  3s  Saturation  region  fVDt  ■  J  V)  drift  in 
200pm  x  200  pm  MOSFET  without  encapsulation. 


Is  a  typical  drift  due  to  hot-hole  injection  which 
differs  from  the  curve  A  only  by  the  magnitude  of 
the  trapped  positive  charges.  Otherwise,  the  two 
curves  are  similar.  A  comparison  of  the  curves  A  in 
Figures  3  and  4  suggests  that,  when  the  holes  are 
injected  from  silicon  Into  oxide,  the  fast  states  readily 
appear  at  the  interface.  When  the  device  in  Figure  3 
was  heated  in  air  at  300  *  C  for  1  hour,  no  change  was 
observed  in  curve  A.  However,  when  the  same  device 
was  heated  at  175  *  C  for  15  minutes  in  forming  gas,  a 
process  of  conversion  of  holes  into  fast  states  is 
observed,  which  is  inferred  from  a  reduced  negative 
drift  and  a  simultaneous  increase  in  the  slope  of  the 
curve  B  in  Figure  3.  This  shows  that  the  presence  of 
hydrogen  accelerates  the  conversion  process  or,  in 
other  words,  reduces  the  lifetime  of  the  holes.  This  is 
true  even  in  the  case  of  hot-hole  injection 
phenomenon.  In  Figure  5,  aging  rates  of  no-cap 
devices  in  air  and  in  hydrogen  clearly  show  the 
impact  of  hydrogen  on  the  build-up  of  fast  states.' 
The  device  with  SiN-caps  has  a  similar  aging  rate  in 
air  to  that  of  a  no-cap  device  in  hydrogen  ambient. 
This  is  due  to  the  hydrogen  associated  with  the  SiN- 
caps  [2].  When  a  device  with  SiN-caps  is  radiated 
and  heated  in  air  we  observe  a  similar  build-up  of 
fast  states  to  that  shown  by  curve  B  in  Figure  3  [8]. 

In  hot-hole  degradation,  the  fast  states  first 
appear  at  high-current  levels  and,  as  the  aging 
continues,  they  move  to  lower  and  lower  energies  [5j. 
The  same  process  is  also  observed  in  the  radiation 
damage  mechanism,  which  is  illustrated  in  Figure  8. 
A  large  area  MOSFET  with  SiN-caps  is  first  exposed 
to  radiation  and  then  heated  in  air  at  100  ’C.  The 
curve  1  is  the  post-irradiation  drift  which  shows 
uniformly  trapped  holes  and  few  fast  states.  The 
curves  2  through  5  show  a  gradual  reduction  of  holes 
and  a  monotonic  increase  in  the  fast  states  as  a  result 
of  heating.  Note  that  the  fast  states  appear  at  the 
high  current  levels  first  and  then  move  toward  the 
lower  and  lower  current  levels,  in  a  manner  similar  to 
that  in  the  hot-hole  injection  mechanism  [5], 
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The  radiation  damn*  has  Iras  been  known  to  be 
self-limiting  |7].  Recently,  we  have  shown  that  the 
hot- hole  damage  is  also  self-limiting  [5j.  The  extent 
of  damage  to  the  device  depends  on  re  which  in  turn 
depends  on  bias  conditions,  ambient  gases  and 
temperature,  and  the  processing  conditions.  With 
the  growing  number  of  implant  and  dry  processing 
steps  and  simultaneously  reduced  processing 
temperatures,  the  density  of  neutral  traps  in  the 
interface  region  has  steadily  increased  (8,  8].  These 
traps,  we  believe  (8],  are  responsible  for  the  observed 
increase  in  the  rate  of  build-up  of  fast  states  in  both 
the  mechanisms. 


FIGURE  4:  Comparison  of  hot-carrier  drift 
(Vq%  <  Yu*)  in  rtverst  mods  with  radiation  inducsd 
drift  (Vat  m'W. 


200pm  x  200pm  MOSFET  with  SiN-Caps. 

The  radiation  damage  to  DRAMs  manifests  in 
ways  similar  to  the  hot-carrier  damage.  The  main 
difference  in  the  two  mechanisms  is  that  the 
radiation  affects  all  the  devices  on  a  DRAM  chip 
whereas  the  hot-hole  injection  degrades  only  a  few 
selected  devices.  The  VoDmin  degradation  due  to 
radiation,  which  is  shown  in  Figure  7,  is  similar  to 
that  observed  due  to  hot-carrier  injection  [10].  The 


FIGURE  7:  A  typical  degradation  of  VDDmia  of 
DRAM S  operating  under  bias  during  irradiation. 
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vDDmm  is  the  minimum  supply  voltage  required  by  a 
DRAM  to  operate  under  a  given  set  of  timing 
conditions. 

A  direct  quantitative  mathematical  correlation 
between  the  two  mechanisms  is  rather  difficult, 
mainly  because  of  the  two  dimensionality  associated 
with  the  hot-hole  degradation  of  the  short-channel 
devices.  Nevertheless,  qualitatively  the  two 
mechanisms  have  similar  effect  on  device 
characteristics.  The  kinetics  of  hole  trapping  and 
their  conversion  are  identical  in  both  the  cases. 
Therefore  the  response  of  the  interface  to  hot  holes 
can  be  conveniently  explored  by  radiation  damage 
experiments. 

4.  CONCLUSIONS 

The  radiation  and  hot-hole  damages  are  related  to 
each  other  through  the  kinetics  of  hole  trapping  and 
conversion  to  fast-states  at  the  interface. 
Qualitatively,  the  presence  of  hydrogen  in  the 
ambient  and  the  processing  conditions  have  similar 
impact  on  the  responses  of  the  devices  to  these  two 
degradation  mechanisms.  For  a  given  probability  of 

hot-hole  generation  and  their  injection,  a  device  with 
increased  radiation  softness  would  have  a  higher 

susceptibility  to  hot-carrier  damage. 
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A  new  kind  of  representation  of  aging  effects  in  MOS  transistors  on  a 
Vd/Vq  diagrams  is  proposed.  The  working  curve  of  N- channel  or  P-channel 
transistors,  for  different  loading  factors,  can  be  easily  plotted  in  this  dia¬ 
gram  and  the  regions  of  hole  or  electrons  injection  during  the  normal  oper¬ 
ating  cycle  identified.  Since  any  change  in  transistor  technology  is  reflected 
in  a  change  of  the  iso-aging  diagram,  this  kind  of  representation  allows  to 
compare  different  technologies  and  their  limits  with  the  need  of  different  cir¬ 
cuit  configuration.  The  results  of  experimental  evaluation  of  different  LDD 
structures  are  discussed. 


1  Introduction 

Electron  injection  in  N-channel  and  P-channel  dt 
has  been  widely  studied  as  main  cause  of  the  degra¬ 
dation  in  transistor  performances.  Also  hole  injection 
has  been  recently  demonstrated  under  particular  bias 
conditions  [1],  [2]. 

The  most  evident  effect  of  carrier  injection  is  the  vari¬ 
ation  in  transconductance  and/or  threshold  voltage  of 
the  stressed  device  according  to  the  technology  and 
the  stress  conditions.  Both  increase  or  decrease  of 
these  critical  parameters  can  be  obtained,  therefore 
different  authors  have  reported  different  aging  behav¬ 
iors,  and  there  is  no  general  agreement  on  which  the 
worst  case  stress  conditions  are.  Moreover,  even  if  a 
very  exhaustive  literature  exists  on  aging  effects,  it  is 
very  difficult  to  get  a  clear  and  coherent  picture  and 
to  compare  results  obtained  by  different  authors. 

We  propose  a  new  kind  of  representation  of  aging  ef¬ 
fects  on  a  Vo/Va  diagram,  taking  into  account  all  pos¬ 
sible  device  bias  conditions.  In  this  way,  the  aging 
characteristics  of  different  technologies  can  be  easily 
compared  on  the  same  diagram  and  superimposed  to 
the  working  curve  of  critical  devices,  as  obtained  by 
SPICE  simulations,  showing  which  are  the  dominant 
injection  mechanism  in  the  different  regions. 


2  Experimental 

To  obtain  these  diagrams,  the  transistor  transfer  char¬ 
acteristic  in  the  linear  region  (at  |Vj>|  =  100m V)  has 
been  measured  with  an  HP4145  Parameter  Analyzer 
before  and  after  10  minutes  stress.  An  example  of 
this  curves  is  given  in  Fig.l  for  a  N-channel  device. 
An  increase  in  transconductance  (Fig.  la)  is  the  con¬ 
sequence  of  majority  (with  regard  to  the  bulk)  carrier 
trapping,  while  a  decrease  (Fig.  lb)  means  trapping  of 
minority  carriers.  Symmetrical  results  are  obtained 
for  P-channel  transistors.  As  limit  of  the  no-injection 
area,  an  arbitrary  limit  of  less  than  1%  variation  in 
trans conductance  over  a  10  minutes  stress  has  been 
assumed.  Of  course  tighter  limits  could  be  imposed, 
by  increasing  the  stress  time.  Also  iso-aging  curves 
can  be  drawn  to  evidence  the  regions  where  the  ef¬ 
fects  are  more  marked. 

An  example  of  this  kind  of  representation  is  given  in 
Fig.  2  for  the  N-channel  and  P-channel  transistors 
of  a  1.2  pm  CMOS  N-well.  The  gate  oxide  thickness 
of  the  devices  is  28  nm,  the  threshold  voltage  around 
+0.85V  and  -0.85V  respectively  and  an  LDD  struc¬ 
ture  has  been  used  for  the  N-channel  alone. 

As  discussed  in  the  introduction,  both  hole  and  elec¬ 
tron  trapping  can  be  obtained  with  different  bias  con- 
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ditiona.  For  P-chaanel  devices,  electron  trapping  takes 
place  at  low  gate  voltage,  while  hole  injection  is  ev¬ 
ident  at  high  gate  voltage.  For  N-channel  devices, 
there  is  hole  trapping  only  for  high  drain  and  low  gate 
voltage,  while  electron  trapping  takes  place  at  high 
gate  voltages.  It  is  rather  interesting  that  electron 
trapping  is  evident  at  low  drain  and  low  gate,  where 
the  electric  field  configuration  tends  to  oppose  elec¬ 
tron  injection  into  the  gate.  This  could  be  explained 
by  electron  trapping  into  interfaces  states,  rather  than 
into  the  bulk  of  the  gate  oxide.  Since  however  the  ef¬ 
fects  on  the  electrical  parameters  are  the  same,  this 
region  will  be  included  in  the  electron  injection  region. 

3  Comparison  between  different 
process  architectures 

This  kind  of  diagram  can  be  easily  used  to  understand 
how  the  aging  characteristics  of  a  process  architecture 
may  influence  the  operation  of  devices. 

The  ring  oscillator,  sketched  in  Fig.3,  has  been  sim¬ 
ulated  with  SPICE  for  a  10V  bias  voltage,  and  the 
operating  curves  of  the  N-channel  and  P-channel  tran¬ 
sistors  have  been  superimposed  as  dashed  lines  on  the 
aging  diagrams  in  Fig. 2.  FVom  this  figure  it  can  be 
noted  that,  in  this  case,  only  electron  trapping  is  im¬ 
portant  for  both  transistors.  No  aging  takes  place 
during  the  switch  on  of  either  transistor  (the  lower 
branch  of  the  device  working  curve),  while  during  the 
switch  off  (the  higher  branch),  electrons  are  injected 
both  in  N-channel  and  in  P-channel  transistors. 

Inside  each  injection  zone  different  degradation  mech¬ 
anisms  can  be  active,  depending  cm  the  bias  conditions 


and  the  devices  architecture.  As  has  been  shown  by 
simulation  and  experimental  results  [3]  the  carriers 
can  be  injected  over  the  drain-gate  overlap  region  or 
over  the  channel,  producing  different  variations  in  the 
electrical  parameters.  For  example,  while  carriers  in¬ 
jection  over  the  channel  induces  a  shift  in  threshold 
voltage,  charge  trapping  over  the  drain  is  associated 
only  with  transconductance  variations. 

The  degradation  mechanism  is  strongly  dependent  also 
on  the  process  architecture.  LDD  and  not  LDD  de¬ 
vices  behave  in  quite  different  ways,  and  even  among 
LDD  structures,  strong  differences  in  aging  can  be  ev¬ 
idenced  with  different  n-  concentrations. 

As  au  example  two  different  N-channel  LDD  have 
been  measured,  with  high  and  low  n-  doping  concen¬ 
tration,  corresponding  to  an  n-  implant  dose  of  1  •  1014 
ions/cm2  and  1  •  1013  ions/cm1  respectively.  To  simu¬ 
late  devices  operation,  six  points  lying  over  the  switch 
off  curve  of  the  N-channel  device  of  the  ring  oscilla¬ 
tor  have  been  considered  (the  points  are  marked  with 
circles  in  Fig.2a).  Transfer  characteristics  have  been 
measured  before  and  after  a  two  minute  stress  in  each 
point.  Most  of  the  aging  takes  place  in  the  last  two 
stress  points,  at  Vo  =  10V  and  Va  =  1,2V.  As  shown 
in  Fig.4  the  effect  of  the  stress  is  electron  trapping 
over  the  charnel  for  the  high  n-  concentration  LDD, 
and  electron  trapping  over  the  drain  for  the  low  n- 
concentration  LDD.  The  different  aging  mechanism 
can  be  easily  explained  by  the  different  configurations 
of  the  electric  field  in  the  channel,  due  to  the  different 
concentration  profiles  as  shown  in  Fig.5.  MINIMOS 
simulations  show  that  for  high  n-  doping  concentra¬ 
tion  only  one  peak  of  electric  field  is  present,  at  the 
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Fig.  2  Iso- aging  diagrams  and  ring  oscillator  SPICE  simulation. 
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Fig.  3  CMOS,  seven  stages  ring  oscillator  scheme. 


channel/n-  interface,  while  for  low  n-  doping  concen¬ 
tration,  two  peaks  are  present,  the  highest  at  n+/n- 
interface.  In  the  first  case,  electron  are  injected  over 
the  channel,  altering  the  threshold  voltage,  while  in 
the  second  case,  electrons  are  injected  over  the  drain, 
changing  only  the  transconductance.  If  the  gate  volt¬ 
age  is  increased,  the  electric  field  at  n+/n-  junction 
decreases,  as  shown  in  Fig.6,  and  therefore  the  same 
aging  effects  are  evident  in  the  two  cases.  The  knowl¬ 
edge  of  a$ng  mechanism  in  every  diagram  point  is 
very  important  specially  for  those  devices  which  work 
in  both  hole  and  electron  injection  region  and  where 
a  partial  recovery  is  possible.  This  is  the  case  for 
example  of  a  V„/Va:  switch,  used  in  EPROM  Memo¬ 
ries,  whose  drain  voltage  varies,  at  low  gate  voltage, 
between  supply  voltage  and  programming  voltage. 


vs  .4000/tflV  (  v| 


-J  .0000 
4.000 


i  1013  LDD  *  «@» 


4000/eiv  ( vi 


Fig.  4  Comparison  between  the  behaviour  of  the  two 
kinds  of  LDD  transistors  after  the  ring  oscillator  switch 
off  stress. 
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Fig.  5  MINIMOS  simulation  of  the  electric  field  at 
drain  isoconcentration  lines. 
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Fig.  6  MINIMOS  simulation  of  the  electric  field  at 
high  Vo  and  high  Vo 


The  MOS  transistors  degradation  takes  place  as  con¬ 
sequence  of  both  holes  and  electrons  injection  in  gate 
oxide.  A  correct  way  to  represent  aging  effects  is  to 
plot  them  on  a  Vq/Vg  plane  over  which  also  the  de¬ 
vices  working  curve  can  be  plotted  and  both  the  global 
and  the  point  by  point  devices  behaviour  in  the  nor¬ 
mal  operating  cycle  can  be  studied. 

Both  the  value  and  the  mechanism  of  degradation  are 
strongly  dependent  on  the  technology;  the  use  of  this 
kind  of  diagrams  allows  the  comparison  between  dif¬ 
ferent  device  architectures  over  all  the  operating  range 
of  critical  device. 
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THE  VOLTAGE  DEPENDENCE  OF  DEGRADATION  IN  N-MOS  TRANSISTORS 
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Hot  carrier  stressing  has  been  carried  out  on  silicon  n-MOS  devices  as  a  function 
of  gate  voltage,  at  fixed  drain  voltages.  It  Is  found  that  a  maximum  of  degradation 
occurs  not  only  at  Vq*Vd/2,  but  also  at  Vg«Vd.  It  Is  further  found  that  the  time 
power  law  for  threshold  voltage  shift  changes  according  to  the  voltage  ratio.  It  Is 
suggested  that  while  the  first  peak  Is  due  to  Interface  state  degradation,  the 
second  Is  due  to  another  process,  possibly  electron  trapping  In  the  oxide. 


1.  INTRODUCTION 

In  the  study  of  hot  carrier  stressing  In 
silicon  n-MOS  transistors.  It  has  long  been 
recognised  that  the  effect  of  stressing  at  high 
voltages  results  In  a  degradation  In  time  of 
the  transistor  I-V  characteristics.  This 
degradation  Is  usually  characterized  by 
measuring  the  decrease  In  transconductance  (gm) 
or  the  Increase  In  threshold  voltage  (Vt). 
These  degradations  follow  a  power  law  as  a 
function  of  time,  and  It  Is  thus  possible  to 
extrapolate  to  a  certain  level  of  Vt  shift  or 
gm  degradation  and  define  a  lifetime  for  the 
device.  Carrying  this  out  at  different  drain 
voltaqes.  It  becomes  possible  to  extrapolate 
back  to  power  supply  voltaqes,  and  estimate  the 
lifetimes  In  the  circuit  working  environment. 

In  order  to  do  this.  It  Is  necessary  first 
first  to  study  the  gate  voltage  dependence  of 
aging  In  order  to  choose  the  maximal  conditions 
of  aging.  It  has  been  found  that  maximum  aqlnq 
occurs  In  the  saturated  region  of  the 
transistor  characteristics,  at  Vg«Vd/2.  This 
corresponds  also  to  the  maximum  of  the 
substrate  current.  The  coincidence  of  the 
maximum  of  the  substrate  current  and  the 
maximum  degradation  has  led  to  models  In  which 
substrate  current  alone  [l]  or  substrate 
current  combined  with  the  drain  current  [2 1  are 
sufficient  In  order  to  quantify  the 
susceptibility  of  any  given  transistor  to 
stress  degradation.  In  this  presentation.  It 
will  be  shown  that  the  situation  Is  more 


comolex.  It  will  be  shown  that  maximum 
degradation  does  not  always  occur  at  Vg*Vd/2, 
suggesting  that  there  Is  another  type  of  damage 
occurlng  In  the  device  during  hot  carrier 
stressing. 

2.  EXPERIMENTAL 

Measurements  have  been  carried  out 
principally  on  the  2y  devices,  with  width  50u. 
The  transistors  were  fabricated  on  15  ohm. cm 
substrates  with  a  threshold  Implant  of 
I.4*I012/cm2.  The  gate  oxide  had  a  thickness  of 
40nm,  was  qrown  at  1000*C,  followed  by  a  Post 
Oxidation  anneal  at  1000'C  for  30  minutes.  The 
Post  Meatllzatlon  Anneal  was  carried  out  In  a 
nitrogen-hydrogen  atmosphere,  with  a 
passivation  layer  of  SIO2. 

The  measurements  were  performed  on  a 
microcomputer-controlled  HP  4145  Semiconductor 
Parameter  Analyser.  The  threshold  voltage  (Vt) 
In  each  case  here  Is  defined  as  the  gate 
voltage  necessary  for  a  drain  current  of  lpA/p 
gate  width. 

3,  RESULTS  AND  DISCUSSION 

Flqure  1  shows  a  typical  plot  of  the 
threshold  voltage  shift  as  a  function  of  gate 
voltage  at  which  the  degradation  was  performed. 
Also  Included  Is  the  substrate  current  Vs  gate 
voltage  for  the  same  drain  voltaqe  as  the 
aqlnq.  It  can  be  seen  that  the  maximum  occurs 
at  the  same  point  as  the  ISUb(max)»  as  has  been 
discussed  earlier. 


155 


This,  however,  Is  not  always  the  case. 


Substrate  current  and  threshold  voltage  shift 
versus  gate  voltage  at  Vd=9.5V  for  a  2u 
device,  showing  a  maximum  In  both  cases  at 
Vg=Vd/2. 


Figure  2  shows  the  threshold  voltage  shift 
after  1000  seconds  for  conventional  2  u  devices 
In  the  full  gate  voltage  range.  It  can 
Immediately  be  seen  that  two  peaks  appear  In 
the  plot.  The  first  peak  occurs  at  Vg*Vd/2  and 
Is  Identical  to  i..„t  of  figure  1.  The  second 
peak  occurs  at  Vg«Vd,  at  gate  and  drain 
voltages  not  normally  associated  with  aging. 
These  voltages  correspond  to  MOS  functioning 
In  the  linear  regime,  with  an  Inversion  layer 
extending  from  the  source  to  the  drain,  and  low 
transverse  fields.  That  the  transverse  field  Is 
low  can  be  seen  from  flqure  1,  where  the 
substrate  current  at  Vg*Vd  Is  one  fifth  that  at 
Vg*Vd/2. 

Looking  at  the  gate  currents,  represented  In 
figure  2,  It  can  be  seen  that  the  the  maximum 
of  the  first  «Vt  peak  corresponds  to  the  point 
at  which  gate  hole  and  electron  currents  are 
equal.  This  observation  and  other  measurements 
[3 1  has  lead  to  a  model  In  which  the  creation 
of  Interface  states  results  from  the  presence 
of  both  holes  and  electrons  together  In  the 
oxide. 

In  the  case  of  the  second  «Vt  peak  however. 


It  can  be  seen  that  the  hole  qate  current  is 
negleglble  and  the  electron  gate  current  Is 
maximum  at  this  point.  Indicating  that  the  hot 
carrier  damage  Is  In  some  way  related  solely  to 
electrons.  This  suggests  that  the  degradation 
Is  due  to  electron  trapping  In  the  oxide,  as 
the  conditions  resemble  those  of  capacitor 
photo  I-V  measurements  (  small  fields  in  the 
oxide  between  drain  and  gate  and  high  electron 
concentrations)  and  this  is  known  to  result,  at 
high  electron  fluxes.  In  electron  trapping  In 
the  oxide  [4]. 


FIGURE  2 

Threshold  voltaqe  shift  versus  gate  voltage 
for  a  2h  conventional  device,  aged  at  Vd=8V 
showing  a  double  maximum.  A  representation 
of  the  gate  current  at  the  same  drain  volt¬ 
age  1+  for  holes,  -  for  electrons)  Is  also 
shown. 

It  Is  thus  proposed  that  the  double  «Vt  peak 
results  from  different  processes.  Interface 
state  generation  and  charge  trapping.  If  these 
are  Indeed  different  processes  It  might  b? 
expected  that  there  would  be  some  difference  In 
the  evolution  of  the  degradation  with  time. 
Figure  3  shows  the  dVt  Vs  time  shifts  at  the 
voltage  conditions  corresponding  to  the  two 
peaks.  It  can  be  seen  that  they  both  follow  a 
power  law,  of  form 

dVt-Atn, 

each  voltaqr  ratio  having 
its  own  ‘A’  and  'n'.  It  can  fur  ,<er  be  seen 
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that  the  greater  gradient  Is  associated  with 
the  Interface  state  creation  and  has  values  of 
about  0.65,  whereas  the  degradation  at  Vg«Vd 
has  the  lesser  slope,  around  0.26.  This  net 
difference  In  slopes  shows  that  the  charglnq 
kinetics  in  each  case  Is  different,  and 
Is  a  further  Indication  that  the  damaqe  created 
at  these  two  voltage  ratios  Is  different. 

Although  the  results  of  figure  3  are 
not  seen  In  on  all  fabrication  line  devices, 
they  are  seen  more  widely  than  might  he  thought. 


FIGURE  3 

Threshold  voltage  shift  with  time  plot  for  a 
2y  conventional  transistor,  aged  at  Vg=Vd/2 
(+  symbols)  and  Vg=Vd  (*  symbols),  showlnq 
the  presence  of  quite  seperate  power  laws 
slopes,  depending  on  the  voltage  ratio. 

We  have  seen  this  effect  on  devices  from  five 
out  of  six  pilot  lines  whose  stress  Integrity 
we  have  tested.  Figure  4  gives  an  example  of 
the  double  power  law  seen  from  another  pilot 
line.  In  this  particular  case,  the  devices 
have  been  fabricated  using  electron  beam 
technology.  It  can  be  seen  that  once  aqaln 
the  Vg»Vd/2  stressing  has  a  power  law  qradlent 
about  0.6,  while  the  devices  stressed  at  Vq*Vd 
has  a  power  law  of  the  order  of  0.3. 

Given  that  the  damaqe  at  different  voltaqe 
ratios  results  from  different  mechanisms,  It 
would  be  expected  that  the  pre-time  power 
law  factor  A  and  the  qradlent  V  be  different 


LOG  TIME  (SECS) 

FIGURE  4 

Threshold  voltage  shift  with  time  plot  for  a 
different  pilot  line  device,  aged  at  Vg«Vd/2 
(+  symbols)  and  Vg»Vd  (*  symbols),  showing 
once  again,  the  presence  of  quite  seperate 
power  law  slopes,  dependlnq  on  the  voltage 
ratio. 

for  each  technology,  and  depend  on  the  process 
steps.  If  the  damage  at  Vq=Vd  results  from 
trapplnq  of  electrons  on  defects  already 
present  In  the  oxide.  It  could  be  imagined  that 
under  certain  circumstances,  a  combination  of 
both  these  power  laws  would  be  seen,  dependlnq 
on  the  gate-to-draln  voltage  ratio  and  the 
process  conditions.  Figure  5  shows  the 
threshold  voltage  shift  as  a  function  of  time 
for  a  third  pilot  line  device.  The  voltage 
conditions  here  are  Vq=Vq/2.  It  can  be  seen 
that  there  are  two  clear  time  law  depencencles, 
the  first  havlnq  a  slope  0.3  and  extending  over 
3  1/2  decades  In  time,  and  the  other  having 
qradlent  O.C  and  dominating  the  long  stressing 
times.  It  Is  obvious  that  the  summation  of  two 
time  power  laws  results  In  one  power  whose 
slope  depends  on  which  of  the  power  laws 
dominates  at  the  stressing  time  In  question. 
The  fact  that  the  smaller  qradlent  of  0.3 
which  could  be  associated  with  electron 
traoplnq  In  the  oxide  Is  seen  Initially,  at 
Vq«Vd/2,  could  be  Interpreted  simply  as  meaning 
that  the  pre-time  power  law  factor  'A'  for  this 
behaviour  Is  great.  Indicating  that  this 
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4.  CONCLUSIONS 

Hot  carrier  degradation  has  been  carried  out 
on  2u  n-MOS  devices,  at  constant  drain  voltage, 
with  gate  voltage  as  the  variable.  It  has  been 
found  that  the  degradation  peaks  at  two  points, 
Vg»Vd/2,  and  Vg»Vd.  The  fact  that  the  second 
peak  occurs  at  the  point  of  maximum  gate 
electron  current  and  negleglble  gate  hole 
current.  Indicates  that  the  damage  In  this  case 
Is  different  to  the  Interface  state  generation 
damage  associated  with  the  Vg»Vd/2  maximum 
and  might  possibly  be  due  to  electron  trapping. 


FIGURE  5 

Threshold  voltage  shift  with  time  plot  for  a 
LOO  1.3u  translstor.stressed  at  Vg»Vd/2  and 
showing  the  presence  of  two  power  laws  In 
the  same  time  plot. 


particular  oxide  Is  more  sensitive  to  electron 
trapping  than  others. 
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Characterization  and  analysis  of  hot-carrier  degradation  in  p-channel  transistors 
using  constant  currant  stress  experiments. 


R.  Bellens,  P.  Beremans,  G.  Groeseneken,  B.E.  Maas 
IMEC,  Kapaldreef  75,  B-3030  Beverlee,  Belgium 


An  alternative  procedure  is  proposed  to  perform  accelerated  lifetime  experiments 
in  p-channel  transistors  in  order  to  resolve  some  problems  that  occur  using  the 
conventional  constant  voltage  procedure.  The  results  are  correlated  with  the  de¬ 
gradation  mechanisms  and  a  comparison  with  n-channel  transistors  is  carried  out. 


INTRODUCTION 

In  order  to  predict  the  lifetime  of  MOS-transis- 
tors  under  influence  of  hot-carrier  degradation 
and  to  intercoapare  the  hot-carrier  sensitivity 
of  different  NOS  technologies,  the  linear  rela¬ 
tionship  between  logll^/I^l  and  log[t*Id)  or 
log[t*Isubl  for  n-channel  transistors  and 
p-channel  transistors,  respectively,  (defined  as 
the  lifetime  curve)  has  commonly  been  applied 
11,2,3].  In  these  experiments,  the  lifetime  t 
is  related  to  an  arbitrary  chosen  shift  of  the 
threshold  voltage  J1J  or  transconductance  {2) 
during  a  constant  voltage  stress  condition. 

In  this  work,  accelerated  lifetime  experiments 
(ALB)  were  performed  on  both  n-  and  p-channel 
transistors  based  on  these  relationships.  It  is 
shown  that  for  p-channel  transistors,  this  pro¬ 
cedure  can  however  not  be  applied  as  such  due  to 
the  influence  of  trapped  charge  on  Igub  and  1^. 
In  order  to  solve  this  problem  an  alternative 
ALE-procedure,  using  constant  current  stress 
experiments,  is  proposed. 

The  threshold  voltage  shifts  ( AV()  and  the  cor¬ 
responding  variations  of  I#(jb  and  with  time 
for  several  stress  conditions  are  analysed  and 
discussed  for  both  transistor  types.  These 
changes  are  correlated  vlth  the  different  degra¬ 
dation  mechanisms  that  occur  depending  on  stress 
condition  and  channel  type.  This  leads  to  im¬ 
portant  conclusions  on  the  interpretation  and 
the  validity  range  of  the  ALE-procedure  for  both 
n-channel  and  p-channel  transistors. 


EXPERIMENTS  and  DEVICES 

For  this  study  HOS  transistors  from  different 
suppliers  were  used,  with  channel  lengths  ran¬ 
ging  from  1.75  to  3pm,  oxide  thicknesses  from  27 
to  40nm  and  channel  width  of  25um. 

The  threshold  voltage  for  all  experiments  and 
devices  was  defined  as  the  gate  voltage  at  which 
drain  current  is  0.2yA  per  pm  width  at  Vds-5V. 
The  threshold  voltage  was  measured  in  reverse 
operation,  i.e.  by  interchanging  source  and 
drain  after  stressing.  The  device  lifetime  t 
was  defined  as  the  stress  time  necessary  to 
Obtain  lOmV  threshold  voltage  shift. 

I.  A.L.B.  IN  N-CHANNEL  TRANSISTORS 

Several  n-channel  transistors  were  stressed  in 
the  region  of  maximum  degradation,  i.e.  near  the 
maximum  of  the  substrate  current.  In  this  re¬ 
gion  the  threshold  voltage  increases  during 
stress  with  a  slope  of  typically  0.7,  without 
showing  any  considerable  saturation  tendency,  as 
shown  on  fig.  1.  The  lifetime  t  can  be  descri¬ 
bed  by  a  linear  relationship  between  log[t*Id] 
and  log[I  b/IdJ,  v*th  *  S^°PC  of  typically  2.7, 
which  corresponds  with  the  values  found  in  the 
literature  (1,3).  This  is  shown  on  fig.  2  which 
cor  -  .,e  hot-carrier  sensitivity  of  the  dif¬ 
ferent  technologies  used  in  this  study. 

II.  A.L.E.  IN  P-CHAMtKL  TRANSISTORS 

For  the  case  of  p-channel  transistors,  the  beha¬ 
viour  is  quite  different.  As  shovn  on  fig.  1, 
the  slope  of  AV(  vs.  time  is,  for  a  p-channel 
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Fig.  1:  AV(  vs.  time  for  p  and  n- channel  tran¬ 
sistors 

transistor  stressed  under  condition  of  aaximuti 
substrate  current,  only  0.2.  Moreover,  AV{ 
tends  to  saturate.  As  a  result  of  this  satura¬ 
tion,  linear  extrapolation  of  the  curves  and 
froa  it  an  extraction  of  the  llfetine  proves  to 
be  hazardous  and  totally  unreliable.  It  indeed 
becomes  difficult  to  obtain  the  T*Isuk  vs. 
Isub/Id  r*1*ti°nshiP  that  ls  e*P«cted  froa  the 
simple  hot-carrier  model  [1]  and  lntercoaparison 
of  the  hot-carrier  sensitivity  of  different 
technologies  ls  almost  impossible. 

This  phenomenon  is  explained  by  the  degradation 
mechanism  of  p-channel  transistors.  Indeed,  in 
p-channel  devices  the  degradation  for  stress  at 
the  maximum  substrate  current  ls  known  to  be 
predominantly  due  to  electron  trapping  in  the 
oxide  near  the  drain  (4,5).  This  causes  a  local 
reduction  of  the  lateral  electric  field  and  con¬ 
sequently  a  considerable  decrease  of  the  sub¬ 
strate  and  gate  currents  during  stress.  These 
effects  evidently  result  in  a  reduced  electron 
trapping  and  a  corresponding  saturation  of  AVt- 

III.  A.L.K.  USING  CONSTANT  CURRENT  STRESS 
Based  upon  this  understanding,  an  alternative 
stress  procedure  is  proposed  and  used:  the 
p-channel  transistors  are  stressed  by  imposing  a 
constant  current  at  the  drain  and  at  the  sub¬ 
strate  while  keeping  source  and  gate  voltage 
constant.  This  ensures  a  constant  electric 
field  near  the  drain,  which  should  eliminate  the 
saturation  effect. 


Fig.  2:  Intercomparison  of  hot-carrier  sensiti¬ 
vity  of  different  technologies  for  n-channel 
transistors 


Fig.  3:  Comparison  betveen  constant  current, 
constant  voltage  and  gradually  adjusted  voltage 
stress  on  p-channel  transistors 

Comparing  the  results  of  constant  current  (fig. 
3,  curve  a)  and  constant  voltage  stress  (fig.  3, 
curve  b),  one  can  observe  tvo  main  features. 
Firstly  the  slope  of  the  AV{  vs.  time  is  about 
0.2  in  both  cases  and  secondly  the  saturation 
effect  observed  for  curve  b  has  disappeared  for 
the  case  of  constant  current  stress,  as  expec¬ 
ted.  Notice  that  curve  b  lies  belov  curve  a, 
vhlch  is  due  to  the  larger  electron  trapping  du¬ 
ring  the  constant  current  stress,  as  the  result 
of  the  continuous  increase  of  the  applied  volta¬ 
ges  (Vj  and  Vgujj).  order  to  check  the  vali¬ 
dity  of  this  conclusion  a  third  experiment  vas 
performed.  Constant  voltage  stresses  vere  ap¬ 
plied  but  the  stress  voltages  (Vd  *nd  V,ub>  vere 
adjusted  at  each  measurement  time  to  the  values 
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Fig.  4:  Intercomparison  of  hot-carrier  sensiti¬ 
vity  of  different  technologies  for  p-channel 
transistors 


measured  during  the  constant  current  stress  at 
the  corresponding  time.  The  result  of  this  ex¬ 
periment  is  represented  by  curve  c  on  fig.  3. 
As  can  be  seen,  AV(  is  at  first  identical  to  the 
value  for  the  constant  voltage  case,  vhile  the 
curve  gradually  approaches  the  one  for  constant 
current  stress. 

P-channel  transistors  fron  different  technolo¬ 
gies  were  evaluated  using  this  nev  stressing 
procedure.  Nov,  the  threshold  voltage  shifts 
result  in  the  expected  f*Isub  vs.  rela¬ 

tionship  vith  a  slope  of  about  2.3,  as  shown  on 
fig.  4.  In  this  way  it  becomes  possible  also 
for  p-channel  devices  to  reliably  intercompare 
the  hot-carrier  sensitivity  of  different  techno¬ 
logies  (fig.  4).  But  of  course  the  procedure 
does  not  yield  a  useful  lifetime  prediction  for 
constant  voltage  conditions. 

IV.  COMPARISON  vith  N-CHANNEL  TRANSISTORS 
As  demonstrated  in  the  previous  section,  charge 
trapping  during  stress  can  strongly  disturb  the 
conventional  ALE-procedure  because  it  changes 
the  Isub^Id  which  is  the  abscissa  of  the 

llfetir  .  curve.  The  question  arises  vhy  this 
phenomenon  was  never  observed  or  reported  for 
n-channel  devices.  Therefore  a  thorough  analy¬ 
sis  of  the  degradation  of  n-channel  transistors 
at  different  stress  conditions  has  been  carried 
out,  and  a  comparison  vith  p-channel  devices  vas 
made.  This  is  illustrated  on  fig.  5  and  fig.  6. 


Fig.  5:  Isub/Id,  normalised  to  the  initial  va¬ 
lue,  during  constant  voltage  stress  for  n-chan¬ 
nel  (Vd»8.5V  curve  a:  Vg«3V,  curve  b:  Vg».8V, 
curve  cs  Vg«Vd)  and  p-channel  transistors  (curve 
d:  Vg=-3V  Vd— 8.5V)  L- 1.75  pm  V-25pm 


On  fig.  5  the  ratio  during  stress  is 
plotted  as  a  function  of  the  stress  time  for 
both  n-  and  p-channel  transistors,  stressed  un¬ 
der  different  constant  voltage  conditions  which 
are  indicated  on  the  figure.  On  fig.  6,  AVt  vs._ 
time  is  plotted  for  both  channel  types  under 
different  conditions,  for  voltage  as  veil  as  for 
current  stress. 

The  case  of  the  p-channel  transistors  is  illus¬ 
trated  by  curve  d  on  fig.  5  and  6.  Isub/Id  de- 
creases  significantly,  due  to  build-up  of  a  net 
negative  trapped  charge,  as  already  concluded 
from  the  previous  section. 

However,  as  can  be  seen  on  fig.  5,  for  the  case 
of  a  n-channel  device  stressed  around  the  maxi¬ 
mum  of  the  substrate  current,  Iguj/1,}  regains 
constant  during  stress  (curve  a),  although  both 
Igub  and  1^  decrease  in  time.  This  confirms  the 
results  found  in  other  studies  [5],  in  which  the 
dominant  degradation  mechanism  for  this  case  vas 
shown  to  be  interface  state  generation.  Indeed, 
this  causes  a  decrease  of  1^,  due  to  mobility 
degradation,  and  consequently  a  correlated  de¬ 
crease  in  I  However,  since  no  considerable 
trapping  occurs,  the  multiplication  factor 
(Igub/ld)  remains  constant.  As  seen  on  fig.  6, 
no  saturation  in  AV{  vs.  time  is  observed  and 
constant  current  and  constant  voltage  stress 
yields  identical  results  (curve  a  and  e).  The 
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Fig.  6s  AVt  vs.  tiM  for  si-channel  (curve  a: 
Vg-*.2V  Vd-9V,  curve  bs  Vg..8V  Vd-9V,  curve  c: 
Vd«Vg»7.5V,  curve  es  constant  current  stress) 
and  p- channel  transistors  (curve  ds  constant 
current  stress)  L-2|im  V>25|im 


slope  of  0.7  found  for  this  stressing  condition 
(■ax.  lsub)  seems  to  be  typical  for  this  degra¬ 
dation  mechanism. 

For  the  case  where  (V^»0.8V) ,  the  multi¬ 

plication  factor  decreases  (fig.  5,  curve  b), 
vhlch  neans  that  a  net  positive  charge  is  trap¬ 
ped.  This  is  again  in  agreeMnt  with  (4,5), 
where  it  was  shown  that  the  dominant  degradation 
mechanism  in  this  case  is  hole  trapping,  leading 
to  a  negative  AV^.  For  this  case  a  saturation 
effect  of  |AVt|,  correlated  with  the  hole  trap¬ 
ping  is  Indeed  observed  (fig.  6,  curve  b).  The 
slope  of  0.2,  similar  to  the  p-channel  case, 
seems  to  be  typical  for  the  trapping  Mchanism. 
Finally,  stressing  the  n-channel  transistors  at 
VgWj  results  in  an  increase  of  the  multiplica¬ 
tion  factor  (fig.  5,  curve  c),  which  is  indica¬ 
tive  for  a  net  negative  charge  trapping.  Fur¬ 
thermore  the  slope  of  the  AV{  vs.  tiM  curve  is 
also  0.2  and  a  saturation  is  again  observed 
(fig.  6  curve  c).  These  phenoMna  point  to  an 
electron  trapping  Mchanism  as  the  Min  degrada¬ 
tion  cause  for  V  «V .. 

f  o 

For  the  conditions,  depicted  in  curve  b  and  c  of 
fig.  5  and  6,  the  conventional  ALE-analysis  is 
subjected  to  the  problems  discussed  in  section 
II  and  cai  be  replaced  by  the  alternative  con¬ 
stant  current  procedure. 


V.  COBOLUSIOH8 

The  evaluation  of  the  relationship  between 
Iau^/I)j  and  t*Isuj,  l°r  p-channel  transistors  un¬ 
der  I _ stress  conditions  is  shown  to  be 

strongly  disturbed  by  saturation  phenoMna  in 

av 


va. 

wv 


time  and  a  corresponding  decrease  of 
These  effects  are  due  to  electron 
trapping  and  can  be  circumvented  by  performing 
constant  current  stress  experiments . 

Similar  effects  occur  in  n-channel  transistors, 
when  trapping  is  the  dominant  degradation  Mcha¬ 
nism  l.e.  for  Vg«dfth  or  These  problems 

do  not  occur  for  those  conditions  vhere  the  de¬ 
gradation  is  dominated  by  the  creation  of  inter¬ 
face  states  (VgOV^/2). 

Therefore,  care  should  be  taken  vhen  using  the 
relationship  betveen  end  t*Isub  or  r*Ij 

for  p-channel  and  n-channel  devices,  respective¬ 
ly,  as  a  tool  to  predict  the  device  lifetime  un¬ 
der  constant  voltage  conditions.  The  ALE-evalu- 
ation  can  hovever  be  applied  for  intercomparison 
of  the  hot-carrier  sensitivity  of  different 
technologies,  provided  the  appropriate  selection 
of  either  constant  voltage  or  constant  current 
stress  is  Mde. 
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CORRELATION  BETWEEN  FLATBAND  VOLTAGE  SHIFT  IN  MOS  CAPACITORS  AND 
ENDURANCE  DEGRADATION  OF  EEPROM  CELLS  * 
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Institute  for  Microelectronics,  Federal  Institute  of  Technology,  1015  Lausanne,  Switzerland 


Charge  trapping  in  thin  injection  oxides  used  in  EEPROMs  is  studied  as  a  function  of  charge 
injected  into  the  oxide.  In  MOS  capacitors,  pulsed  alternating  current  injection  is  used  to  simulate 
the  operation  of  EEPROM.  The  resulting  shifts  of  flatbaiid  voltage  are  correlated  with  the  shifts  of 
threshold  voltage  in  the  WRITTEN  and  ERASED  states  in  EEPROM  cells.  Positive  charge  generation 
depends  more  than  negative  trapping  on  the  negative  field  strength  and  is  found  to  vary  with  the 
stress  history  of  the  oxide. 


1.  INTRODUCTION 

The  degradation  of  thin  oxides  used  in  floating-gate 
nonvolatile  memories  (EEPROM)  has  often  been  studied 
by  constant  current  injection  in  MOS  capacitors. 
However,  in  real  operation,  these  oxides  are  stressed  by 
pulses  of  alternate  polarity  [I],  The  purpose  of  this 
work  is  to  compare  charge  trapping  during  DC  and 
pulsed  AC  current  injection.  The  relative  roles  of 
positive  and  negative  pulses,  their  amplitudes  and 
durations  are  shown.  There  is  good  correlation  between 
these  measurements  and  the  wearout  of  EEPROM  cells. 

2.  EXPERIMENTAL 

We  studied  silicon  gate  MOS  capacitors  (area 
10^  um^)  and  p-channel  EEPROM  cells  (thin  oxide 
area  9  um^)  fabricated  with  a  production  3um  p-well 
CMOS  process  [2],  Thin  oxides  were  grown  to  12  nm 
on  p-doped  substrates  (NA  -  2x10*®  B/cm^)  at  950*C 
in  ^-diluted  dry  Oj  with  3%  HC1.  The  capacitors 
were  stressed  with  constant  current  pulses  using  a 
Keithley  220  programmable  current  source.  The 
amplitudes  and  durations  of  the  positive  and  negative 
pulses  were  varied  independently  to  study  the  influence 
of  field  polarity  and  strength  on  charge  trapping. 
Periodically,  stressing  was  interrupted  in  order  to 
record  high-frequency  C-V  curves  with  a  HP4275  LCR 
meter. 

*  This  research  was  supported  by  the  Swiss  National 
Foundation  for  Scientific  Research  (Program  No.  13)  and 
the  Commission  for  the  Encouragement  of  Scientific 

Research. 


For  EEPROM  cells,  the  threshold  voltages  Vtj,  of 
the  written  and  erased  (W/E)  states  and  thus  the 
memory  window  (the  gap  between  and  V^p) 

were  monitored  as  a  function  of  the  number  of  W/E 
cycles.  The  peak  electric  Held  was  varied  by  adjusting 
the  W/E  pulse  rise  times  [3].  These  measurements  were 
performed  with  two  HP8112  pulse  generators  and  a 
HP4145  semiconductor  parameter  analyzer. 

Both  experiments  used  a  HP3488  switch  unit  and 
were  controlled  by  a  HP9826  computer  . 

3.  RESULTS  AND  DISCUSSION 

The  variation  of  the  flatband  voltage  Vpg  during 
injection  is  shown  in  figs.  1-2.  For  a  DC  stress,  positive 
charges  are  generated  at  low  Qjnj  (initial  negative  shift 
of  Vpij),  as  was  previously  reported  [4].  Increasing  the 
current  density,  thus  the  cathode  field,  enhances  this 
positive  charge  generation.  The  same  effect  is 
observed  for  an  AC  stress.  The  magnitude  of  the  shift 
for  a  given  Qj„j  depends  on  the  charge  injected  per 
pulse  (dose).  The  shorter  the  pulse,  the  sooner  this 
shift  appears  (fig.2b).  For  a  positive  DC  stress,  Vpg 
goes  through  a  minimum  and  then  increases,  which 
shows  that,  eventually,  negative  charge  trapping  takes 
over.  This  turnaround  occurs  for  a  higher  Qj„j  than 
previously  reported  for  MOS  capacitors  on  lightly 
doped  substrates  with  the  same  oxide  thickness  [4],  For 
a  negative  DC  stress,  our  data  do  not  show  a  clear 
turnaround.  If  there  is  one  at  all,  it  occurs  above 
1  Cb/cm^.  For  an  AC  stress,  the  position  of  the 
minimum  depends  on  the  charge  injected  per  pulse.  At 
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FIGURE  1 

Platband  voltage  as  a  function  of  injected  charge 
for  DC  injection. 


For  comparing  the  results  of  C-V  measurements 
with  those  obtained  directly  on  EEPROM  cells,  it  is 
more  appropriate  to  vary  the  pulse  parameters  in  such 
a  way  as  to  keep  the  dote  constant.  In  fig. 3,  we 
separately  varied  the  current  density  and  duration  of 
the  pubes  of  each  polarity.  Positive  charge  generation 
is  much  more  sensitive  to  the  negative  pulse,  u  could 
be  expected  from  ftg.l. 

Measurements  of  Vpg  under  constant  or  pulsed 
vohaao  atreea  yield  analogous  conclusions. 


*i  300  us 
<  t  IBB  u 
a  :  3  n 


0  IB-5  10"®  10"*  10"*  10"*  10*  10* 

Qinj  CC/cmA2] 

b)  constant  current  density:  +/-lmA/cm2 
FIGURE  2 

Flatband  voltage  as  a  function  of  injected  charge 
for  symmetrical  AC  injection. 

The  evolution  of  the  memory  window  of  EEPROM 
cells  as  a  function  of  the  number  of  programming 
cycles  is  shown  in  fig.4.  The  window  initially  o*  'S 
(positive  charge  generation)  and  then  closes  (negative 
trapping).  The  former  is  most  sensitive  to  the  risetime, 
that  is  to  the  peak  electric  field  (3),  of  the  ERASE 
(negative)  pulse.  In  con  trust,  negative  charge  trapping  is 
only  weakly  affected  by  pulse  rise  times. 

In  EEPROMs,  the  turnaround  occurs  between 
10-100  cycles,  which  corresponds  to  about 
10"®- 10' ^  Cb/cm^,  since  the  charge  injected  per  cycle 
is  approximately  lO"*  Cb/cm*.  fa  contrast,  the  lowest 
Qinj  ,or  turnaround  in  our  C-V  measurements  is 
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b)  variable  positive  pulse 
FIGURE  3 

Flatband  voltage  as  a  function  of  injected  charge 
for  asymmetrical  AC  injection 
(constant  charge  per  pulse  »  300  uC/cm2). 

10'2  Cb/cm2  (fig. 2b).  The  discrepancy  may  be 
explained  by  the  different  doses  and  current  levels 
used  in  the  two  measurements.  In  EEPROMs  there  are 
very  likely  high  current  spikes  during  WRITE  and 
ERASE,  as  shown  by  calculations.  Accurate  values  are 
difficult  to  estimate.  Since  the  turnaround  is  shifted  to 
smaller  Q;nj  for  smaller  doses,  one  can  expect  that  for 
the  conditions  prevailing  in  EEPROMs,  AC  injection  in 
MOS  capacitors  would  give  similar  results.  Instrumen¬ 
tal  limitations  have  prevented  us  from  checking  this 
conclusion. 


Since  window  closing  is  more  pronounced  on  the 
WRITTEN  side  (positive  Vtj,),  we  conclude  that 
negative  charges  must  be  closer  to  the  substrate  than  to 
the  floating  gate. 


b)  ERASE  threshold  voltage 
FIGURE  4 

EEPROM  threshold  voltages  as  a  function  of 
W/E  cycling  (W/E  pulses:  -22.5  V,  100  ms). 

Similar  results  were  obtained  on  devices  fabricated 
with  a  different  CMOS  process  and  a  18nm  thick 
injection  oxide.  In  this  case,  the  shift  of  Vpg  was 
approximately  twice  as  large.  For  EEPROM  cells,  the 
shift  of  Vth£  was  even  more  important. 
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4.  CONCLUSIONS 

Measurement*  on  MOS  capacitors  and  individual 
EEFROM  cells  show  similar  charge  trapping  behavior. 
Positive  charge  generation  is  most  sensitive  to  negative 
bias  on  the  gate.  Negative  charge  trapping  is  not 
observed  in  our  C-V  measurements  at  high  negative 
current  density.  Charge  trapping  under  AC  injection  is 
not  just  a  superposition  of  the  contributions  expected 
from  DC  injection  measurements  and  reveals  new 
features  like  dependence  on  the  stress  history 
(acceleration  of  positive  charge  trapping  for  smaller 
doses).  Ou<  results  show  that,  with  a  careful  choice  of 
pulse  parameters,  one  can  optimize  the  wearout  of 
EEPROM. 
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The  degradation  ot  tunnel  oxide  floating  gale  EEPROM  devices  was  studied  by  using  charge-pumping  which 
allows  direct  characterization  of  the  interface  degradation  on  the  transistor  itself,  it  is  found  that  positive  charge 
is  generated  at  the  Si-SiOg  interface,  while  negative  charges  are  trapped  at  the  injecting  interface  or  in  the  bulk 
of  the  oxide  Combining  these  findings  with  a  study  of  the  influence  of  the  charges  present  in  the  oxide  and  at 
the  interfaces  on  injection  and  threshold  voltage,  it  is  possible  to  explain  qualitatively  all  measured  degradation 
characteristics. 


1.  introduction. 

High  field  stressing  of  thin  oxides  is  known  to  cause  charge 
trapping  in  the  oxide  and  at  the  interfaces  as  well  as  generation 
of  interface  states  [1 ,2J.  The  degradation  is  strongly  dependent 
on  the  used  stress  conditions  [3],  Although  most  of  the 
experimental  results  have  been  obtained  on  capacitors,  the 
same  degradation  behaviour  is  expected  during  high  field 
stressing  of  MOS  transistors.  During  stressing  with  alternating 
field  polarities,  as  is  the  case  for  Electrically  Erasable  PROM 
(EEPROM)  devices,  the  degradation  mechanisms  are  not  wen 
understood  until  now  [4]. 

In  this  work  the  degradation  of  tunnel  oxide  floating  gate 
EEPROM  devices  is  studied  in  detail  by  combining  the  charge 
pumping  technique  with  threshold  window  degradation 
measurements.  Contacted  floating  gate  transistors  are  used  to 
study  the  effect  of  Fowler-No rttfwlm  inf?'  ion  on  thin  oxide  gate 
dielectrics.  Combining  the  measure.  results  with  a  study  of 
the  influence  of  the  charges  present  in  the  oxide  and  at  the 
interfaces  on  injection  current  and  threshold  voltage,  it  is 
possible  to  explain  aJi  measured  degradation  characteristics 

2.  Experiments  end  devices. 

The  studied  EEPROM  structures  are  n-channel  floating 

gate  devices  in  a  3pm  p-weil  CMOS  process  with  a  thin  oxide  of 
12  nm  above  the  entire  channel.  In  order  to  examine  the  effect 
of  Fowter-Nordheim  Injection  on  thin  oxide  gate  dielectrics, 
otherwise  Identical  but  contacted  floating  gate  transistors  were 
stressed  with  either  positive  or  negative  volt  age  at  the  floating 
gate  white  keeping  drain,  source  and  subtrate  grounded 

*  Research  assistant  I.W.O.N.L. ;  **  Senior  Research  Assistant  N.F.W.O. 


Subsequently  they  were  characterized  by  means  of  the  charge 
pumping  technique. 

The  degradation  of  the  EEPROM  structures  is  studied  by 
cycling  the  memory  devices  and  monitoring  the  external 
threshold  voltage  (defined  as  the  control  gate  voltage  needed 
to  allow  a  drain  cunent  ol  IgA  at  a  drain-source  voltage  ot  2 SI). 
The  tields  applied  during  programming  are  of  the  order  ot  10 
MV/cm.  Erasing  of  the  memory  cell  is  achieved  by  Fowler- 
Nordheim  injection  of  electrons  towards  the  floating  gate 
(uniformly  over  the  whole  channel  area);  writing  can  be 
accomplished  either  uniformly  over  the  whole  channel  (by 
applying  a  negative  voltage  at  the  gate)  or  non-uniformly  at  the 
drain  (by  applying  a  positive  voltage  at  the  drain  while  keeping 
substrate  and  control  gate  grounded).  Charge  pumping  was 
also  performed  on  these  memory  devices  .  Indeed,  a  floating 
gate  transistor  can  be  considered  as  a  MOS  transistor  with  a 
stacked  gate  dielectric.  The  charge  on  the  floating  gate  is 
equivalent  to  a  uniformly  distributed  gate  oxide  charge.  By 
applying  the  same  formulas  as  used  for  conventional  MOS 
transistors,  we  can  calculate  the  density  of  Interface  states  in 
floating  gats  devices  with  the  same  accuracy  as  for  MOS 
transistors.  The  presence  of  non-uniformly  distributed  charges 
in  the  gate  oxide  can  also  be  detected,  as  demonstrated 
previously  [6]. 

3.  Fowter-Nordheim  injection  in  MOS  tranelstore. 

First  thin  oxide  MOS  transistors  (contacted  floating  gate 
transistors)  were  examined.  Fig.  1  shows  the  charge  pumping 
measurements  after  different  times  of  uniform 
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Figure  1 .  Charge  pumping  measurements  after  dfflerent  stress  times  of  uniform  Fowter-Nordheim  injection. 


Fowler-Nordheim  injection  over  the  entire  channel.  The 
Increase  In  charge  pumping  current  indicates  an  Increase  of  the 
interface  state  density.  The  shift  of  the  edges  of  the  curves 
implies  the  presence  of  charges  in  the  gate  oxide  or  at  the 
interfaces.  Fig.  1  also  shows  the  resuits  of  charge  pumping 
measurements  on  the  same  structures  after  an  additional  1 
second  stress  of  the  opposite  polarity. 

w*  can  conclude  from  fig.  la  that  Fowler-Nordheim 
injection  of  electrons  from  the  gale  (Vg<0)  generates  interface 
states  and  a  positive  charge  in  the  bull  of  the  oxide  or  at  the 
Sl-SiOj  interlace  (as  detected  by  charge  pumping).  The 
poslive  charge  can  easily  be  removed  by  a  short  injection  from 
the  other  electrode.  It  was  also  noticed  that  the  positive  charge 
disappears  rather  quickly  under  zero  field  conditions.  This 
could  mean  that  the  charges  are  trapped  very  close  to  the 
interface.  Longtime  injection  of  electrons  towards  the  gate 
(Vg>0)  generates  interface  states.  In  this  case  however,  the 
net  trapped  charge,  as  seen  on  fig.  lb  is  at  first  positive  but 
then  becomes  negative  with  increasing  stress  time,  consistent 
with  [7]-  A  short  pulse  of  the  opposite  sign,  after  the  negative 
charge  build-up,  has  little  Influence.  A  comparison  of  the 
effectiveness  of  interface  state  generation  under  both  Injection 
condRfons  Is  difficult  since  (he  experiments  are  done  at  equal 
stress  voltages  and  thus  not  necessarily  at  equal  stress 
currents. 

4.  Charges  trapped  in  floating  gate  devices. 

The  external  threshold  voltage  of  a  floating  gate  transistor  is 
determined  by  the  amount  of  charge  stored  on  the  floating 
gate  and  by  the  Intrinsic  threshold  voltage  of  the  transistor, 
defined  as  the  external  threshold  voftage  with  no  charge  on  the 
floating  gate.  The  degradation  of  the  threshold  window  Is 
therefor  caused  by  the  combined  effect  of  the  changes  of 


both. 

Charges  that  are  trapped  in  the  oxide  underneath  the 
floating  gate  are  changing  the  intrinsic  threshold  voltage.  This 
charge  also  causes  a  variation  of  the  injection  field  at  the 
Si-SIOj  interface,  which  influences  the  Fowler-Nordheim 
tunneling  injection  from  the  substrate  (if  the  charges  are 
located  not  to  dose  to  the  interface  [8]). 

E.g.  a  negative  charge  located  in  the  thin  oxide  will  reduce 
the  Fowler-Nordheim  current  towards  the  floating  gate  during 
erasing.  Therefore,  the  amount  of  electrons  stored  on  the 
floating  gate  after  the  programming  operation,  will  diminish 
causing  a  decrease  of  the  external  threshold  voltage.  But  the 
negative  trapped  charge  will  cause  the  intrinsic  threshold 
voltage  to  increase,  ft  can  be  shown  that  the  influence  of  both 
changes  on  the  external  threshold  voltage  match  exactly.  We 
can  conclude  that  uniformly  distributed  trapped  charges 
(positive  or  negative)  in  the  thin  oxide  have  no  effect  at  all  on 
the  external  threshold  voltage  after  an  erase  operation  of  a 
memory  ceil. 

If  writing  Is  accomplished  uniformly  over  the  entire  channel 
area,  a  negative  trapped  charge  will  reduce  the  tunnel  current. 
So,  after  the  write  operation,  less  electrons  will  have  been 
transported  from  the  floating  gate  towards  the  substrate,  thus 
leaving  the  floating  gate  at  a  more  negative  potential  than  in  the 
case  of  no  trapped  charge.  At  the  same  time  the  trapped 
negative  charge  will  increase  the  intrinsic  threshold  voltage,  in 
this  case,  both  effects  will  result  in  a  more  positive  threshold 
voltage.  A  simple  calculation  shows  that  the  combined  effect  is 
dependent  only  upon  the  magnitude  of  the  trapped  charges 
and  is  independent  of  the  centroid  in  the  thin  oxide. 

U  the  writing  is  done  non-uniformty,  the  trapped  charges  will 
be  distributed  non-uniformly  as  wel.  In  this  case,  one  has  to 
consider  sepemtty  the  injection  region,  which  determines  the 
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Erase  :  Vfl-15V,  10ms.  Write  :  Vg--l6V,  10ms. 


Figure  2.  Degradation  characteristic  for  uniform  writing. 

the  amount  of  charge  stored  on  the  floating  gate,  and  the 
channel  region,  which  determines  the  intrinsic  threshold 
voltage.  As  demonstrated  further  on,  a  non-uniform  write 
operation  can  introduce  a  large  amount  of  positive  charge  at 
the  drain  side.  The  largest  part  of  the  channel  will  not  be 
affected  by  this  charge.  So,  the  tunnel  injection  current  will 
increase  due  to  the  positive  charge  at  the  drain,  but  the  intrinsic 
threshold  voltage  will  not  be  altered,  leading  to  a  net  decrease 
in  the  external  threshold  voltage  after  writing,  if  the  write 
operation  is  now  followed  by  an  erase  operation,  the  measured 
threshold  voltage  after  erasing  will  be  increased  due  to  the 
same  enhanced  injection  current  effects  at  the  drain. 

5  .  Degradation  characterlatlcs. 

As  indicated  above,  two  different  programming  modes  were 
used.  For  a  uniform  writing  operation,  the  degradation 
proceeds  straightforwardly  :  all  trapped  charges  are  distributed 
uniformly  over  the  channel.  The  degradation  characteristics 
shown  in  fig.  2  can  easily  be  explained  by  considering  the  tilling 
of  electron  traps  following  a  simple  first  order  kinetic  model  and 
by  assuming  the  generation  of  electron  traps  during  Fowler- 
Nordheim  injection,  as  reported  before  [10].  Simulation  results 
are  also  shown  in  fig.  2.  Remarkable  is  that  none  of  the 
measurements  shows  the  presence  of  a  positive  charge  during 
the  first  cycles  :  the  alternating  high  fields  do  not  seem  to  allow 
the  permanent  trapping  of  a  positive  charge,  in  contrast  with 
the  dc  stress  results  of  fig.  1. 

Degradation  under  non-uniform  writing  conditions  is  a  more 
complicated  process.  If  the  applied  drain  voltage  is  fairly  iow, 
the  degradation  is  governed  by  electron  trapping  only.  The 
observed  behaviour  is  roughly  the  same  as  for  uniform 
degradation  (fig.  3).  The  process  Is  faster  due  to  the  larger 
flue  nee  (electrons/unit  area)  through  the  thin  oxide  at  the  drain 
side.  The  observed  degradation  is  mainly  caused  by  a 
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Figure  3.  Degradation  characteristic  for  non-uniform  writing  at 
low  drain  voltage. 


decreased  injection  from  the  floating  gate.  The  positive 
threshold  voltage  increases  slowly,  possibly  due  to  the  effect 
of  the  negative  charge  at  the  drain  side  and  the  interface  states 
on  the  transistor  characteristics  combined  with  some  negative 
charges  trapped  very  close  to  the  Si-Si02  interface  in  the 
channel  area,  having  a  dominant  effect  on  the  intrinsic 
threshold  voltage  and  a  rather  weak  influence  on  the  current 
injection  [8j. 

If  the  drain  voltage  is  higher  such  that  a  hole  current  into  the 
substrate  is  generated  due  to  the  deep  depletion  region  in  the 
drain  [9],  the  degradation  behaviour  is  totally  different.  We 
observe  trapping  of  positive  charge  in  the  thin  oxide  at  the 
drain  during  the  write  operation,  causing  the  opening  of  the 
threshold  window  (fig.  4).  The  charge  is  clearly  identified  by  the 
low  voltage  tail  in  the  charge  pumping  characteristic  (fig.  5). 
With  increasing  number  of  cycles  the  window  is  closing  again, 
but  as  the  two  threshold  voltages  do  not  start  to  degrade 
simultaneously,  more  than  one  mechanism  must  determine  the 
window  degradation.  Trapping  at  the  drain  of  negative  charge 
can  explain  the  closure  of  the  threshold  window  but  for  the 


Vt  CVJ 


x  measurement  +  simulation 

Erase  :  Vg«l5V,  10ms.  Write :  Vd-l5V,  8ms. 

Figure  4.  Degradation  characteristic  for  non-uniform  writing  at 
high  drain  voltage. 
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Figure  5.  Charge  pumping  measurements  during  non-uniform 
writing  after  different  numbers  of  cycles. 

high  threshold  voltage  starting  to  degrade  earlier,  the  centroid 
of  the  negative  charges  should  be  located  dose  to  the  Si-Si02 
interface.  This  is  however  in  contradiction  with  the  charge 
pumping  measurements,  where  a  positive  charge  tail  remains 
visible.  A  plausible  explanation  is  that  due  to  the  enhanced 
injection  at  the  drain,  the  channel  area  remains  in  the  'Initial* 
regime  (fig.  lb  and  [7])  for  a  large  number  of  cydes,  during 
wich  Fowter-Nordhelm  tunneling  gradually  generates  positive 
charges.  This  positive  charge  has  a  decreasing  influence  on 
both  the  high  and  the  low  threshold  voltage.  The  combined 
effect  of  positive  and  negative  charges  at  the  drain  and  a 
positive  charge  in  the  channel  region,  can  account  for  the 


whole  degradation  behaviour.  Simulation  results,  based  on 
these  assumptions,  are  also  depided  In  fig.  5  ;  they  are 
showing  the  same  qualitative  behaviour  as  the  measurements. 


6.  Conclusions. 

An  analysis  of  the  degradation  behaviour  of  floating  gate 
devices  must  be  based  on  a  careful  study  of  the  influence  of 
trapped  charges  in  the  floating  gate  transistor.  When  the  write 
operation  is  performed  non-uniformly,  an  important 
phenomenon  is  the  substrate  current  due  to  the  deep 
depletion  in  the  drain  [9].  If  no  substrate  current  is  present 
during  programming,  no  window  opening  has  been  observed. 
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In  this  work,  the  Monte-Carlo  simulation  is  used  as  a  tool  to  investigate  the  field  dependence  of 
electron  mobility  and  velocity  saturation  in  MOSFETs.  A  simple,  analytical  model,  in  good  agreement 
with  experimental  results  as  well  as  simulations,  is  studied  from  straightforward  physical  considerations. 


1.  INTRODUCTION 

As  known,  the  Monte-Carlo  (MC)  approach  to 
simulation  of  current  transport  in  semiconductors  is 
more  general  than  that  based  on  the  drift-diffusion 
(DD)  model.  Therefore  in  the  (important)  subset  of 
cases  where  both  are  equally  applicable  it  can  be  used 
as  a  tool  to  study  crucial  DD  parameters  that  can  be 
independently  derived  from  suitable  average  of  individ¬ 
ual  carrier  characteristcs.  In  this  sense,  MC  simulation 
represents  an  ideal  complement  of  the  comparison  with 
experiments  as  it  allows  to  independently  evaluate  sin¬ 
gle  effects  that,  in  reality,  occur  simultaneously  and 
cannot  be  simply  separated  out. 

In  the  present  paper,  this  philosophy  has  been  ap¬ 
plied  to  the  study  of  the  field  dependence  of  the  carrier 
mobility  (/x)  and  velocity  saturation  (usat)  in  MOS¬ 
FETs  that,  as  known,  represents  a  crucial  problem  in 
DD  numerical  simulations. 

For  clarity  we  will  separately  consider  the  depen¬ 
dence  on  the  longitudinal  and  trasversal  components 
of  the  applied  field  (  El  and  Et  respectively  ). 

2.  LONGITUDINAL  FIELD  DEPENDENCE 

In  order  to  understand  the  essential  features  of 
the  microscopic  physics  responsible  for  the  decrease  in 
electron  mobility,  we  have  exploited  the  unique  charac¬ 
teristics  of  the  MC  approach  by  looking  at  the  effects  of 
the  various  scattering  mechanisms  among  which,  under 
the  operating  condition  of  interest,  emission  of  optical 
phonons  plays  a  dominant  role.  Since,  when  dealing 


with  average  properties  of  the  electron  gas,  only  rela¬ 
tively  small  energies  need  to  be  considered  (typically 
up  to  a  few  hundreds  of  mV),  the  semiconductor  band 
can  assumed  to  be  parabolic  and  the  electron  scatter¬ 
ing  rate  with  optical  phonons  ( Jeop )  is  then  simply 
given  by  [1] 

Ieop(E)  <x  y/E  —  Eopt  (1) 

(where  E  and  Eopt  denote  the  electron  energy  and 
the  threshold  for  the  emission  of  optical  phonons  re¬ 
spectively). 

An  interesting  point  emerges  considering  the  ma¬ 
croscopic  average  Pbop  of  Sbop  and  plotting  l /Prop 
and  fi  calculated  in  the  same  points  as  function  of  El. 

Fig.  1  represents  a  typical  set  of  MC  results  ob¬ 
tained  for  a  ID  n+  —  n  — n+  structure  with  the  uniform 
dopings  (10JO  and  10* 4  cm-3  for  the  n+  and  n  regions 
respectively)  with  the  simulator  MOS 7  [2].  Several 
points  along  the  lightly  doped  region  have  been  studied 
to  make  sure  that  the  results  are  independent  of  (spe¬ 
cific)  geometrical  and  technological  characteristics.  In 
these  calculations  ft  has  been  obtained  taking  the  ratio 
between  the  averaged  carrier  velocity  and  El,  Peop, 
instead,  simply  counting  the  number  of  optical  phonons 
emitted  per  unit  time  and  unit  volume. 

The  evident  parallelism  of  the  two  curves  namely 
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clearly  indicates  the  mobility  degradation  to  be  essen¬ 
tially  due  to  the  larger  emission  of  optical  phonons  re¬ 
sulting  from  the  field  induced  increase  of  electron  en- 
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El  [K)3  Vcm-1] 

Fig.l  :  n  and  1/Pbop  calculated  with  the  MC  sim¬ 
ulator  as  a  function  of  El  in  a  central  point  of  a 
n+  —  n  -  n+  structure  (well  outside  the  space  charge 
regions  of  the  n+  -  n  junctions).  The  doping  of  the 
central  portion  of  the  simulated  device  is  10u  cm’3. 

Eq.  2  is  a  clear  manifestation  of  the  validity  of 
the  relaxion-time  approximation  of  the  transport  equa¬ 
tions  (at  least  under  the  conditions  of  interest  for  real 
devices)  from  which  the  mobility  dependence  on  the 
driving  field  can  be  worked  out. 

The  well  known  model  for  the  mobility  dependence 
on  the  longitudinal  field  (El)  in  MOSFETs 

,  tpo  -  -  ,  (3) 

y/^fJjjipoEiJvsAT)^ 

often  considered  to  be  only  empirical  in  the  device  sim¬ 
ulation  literature,  can  then  be  analytically  derived  [3]. 

3.  NORMAL  FIELD  DEPENDENCE 

Although  under  the  conditions  of  interest,  optical 
phonons  provide  the  dominant  scattering  mechanism, 
that  with  the  Si  —  SiOj  interface  must  also  be  con¬ 
sidered  to  account  for  the  mobility  dependence  on  the 
transversal  component  of  the  applied  field. 


If  Pi  denotes  the  probability  of  such  a  phenome¬ 
non,  extending  the  approach  of  the  previous  section  we 
have 

(ip o  «  (P0  +  Pi)'1  =  P0_,(l  +  Pt/Po )_1  (<) 

where  Pq  represents  the  sum  of  the  probabilities  of 
other  scattering  mechanisms  that  varying  only  with  the 
carrier  energy  are  essentially  independent  on  Et  ■  (The 
consideration  of  these  other  effects  is  here  required  if 
Upo  has  to  mantain  finite  values  for  vanishingly  small 
transversal  fields). 

The  mobility  dependence  on  Et  is  then  simply 
described  by  the  factor  (1  +  Pi / Po)  ~ 1  whose  accuracy 
could,  in  principle,  be  easily  studied  by  means  of  MC 
simulations  of  devices  biased  with  very  small  El  so 
as  to  deal  only  with  the  degradation  due  to  Et-  Un¬ 
fortunately,  small  driving  fields  make  the  calculations 
extremely  long,  hence  prohibitively  expensive. 

A  much  more  practicable  procedure  consists  of 
directly  evaluating  the  analytical  expression  resulting 
from  the  assumed  approach.  The  model  for  the  (elas¬ 
tic)  scattering  with  the  interface  included  in  MOS2  is 
that  described  in  Ref.  [4,5]  that  has  been  favourably 
compared  with  others  [6,7]  looking  at  their  effects  on 
the  electron  distribution  within  the  MOSFET  channel 
and  assuming  the  result  of  the  DD  simulation  as  a  ref¬ 
erence. 

According  with  the  chosen  model,  P/  oc  Ets 1 
( Ets  denoting  the  transversal  field  at  the  Si  —  Si02 
interface)  and  eq.  4  finally  gives 

M/,°  1  +  ( Ets/Ec )2  (  * 

where  p0  represents  the  low  field  carrier  mobility  and 
Ec  denotes  a  (constant)  critical  field  to  be  essentially 
determined  '  ng  experimental  data. 

With  r«p,  '-to  *.->  eq.5  it  is  worth  stressing  that  it 
features  only  ti,  alue  of  Et  at  the  Si  -  Si02  inter¬ 
face,  thus  describing  a  sort  of  global,  rather  then  purely 
local  effect.  In  practice  this  turns  out  to  be  particu¬ 
larly  suitable  for  the  simulation  of  MOSFETs  where 
the  overwhelming  part  of  the  carriers  is  close  enough  to 
the  interface  and  Ets,  depending  on  the  global  charge 
within  any  given  transversal  portion  of  the  device,  is 
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much  more  accurately  defined  than  the  local  Et,  often 
strongly  dependent  on  the  details  of  the  mesh  used  to 
descretise  the  simulation  domain. 

Fig.  2  shows  a  comparison  between  the  model 
of  eqs.  3  and  5  and  a  well  known  set  of  experi¬ 
mental  results  taken  from  the  literature  (8).  As  can 
be  seen  a  good  agreement  is  obtained  with  reason¬ 
able  values  of  the  adjustable  parameters  (in  partic¬ 
ular  ho  —  950  cm%V~xa~l,  vSAT  =  9.510®  cm*-1, 
Ec  =  10®  Fern"1). 

The  figure  also  contains  a  few  selected  results  of 
complete  MC  simulations  of  MOSFETs  to  show  the  ac¬ 
curacy  of  the  calculations  used  as  a  basis  for  the  present 
work. 


Fig.2  :  Electron  velocity  vs.  longitudinal  field  for  the 
following  values  of  transversal  field:  a)J?r  =  3  •  104 
V/cm,  b)ET  =  6  •  104  V/cm,  c)ET  =  8  •  104  V/cm, 
d )Et  —  10s  V/cm.  (•)  represent  experimental  data 
taken  from  the  literature  [8],  (o)  indicate  the  results 
of  selected  MC  simulations  and  the  solid  lines  are  ob¬ 
tained  from  the  analitical  model  of  eq.3. 

A  more  complete  set  of  MC  simulations  compared 
with  experimental  data  [9]  is  shown  in  fig.3. 

Fig.4,  instead,  shows  the  dependence  of  the  elec¬ 
tron  saturation  velocity  on  Et  that  is  found  to  be 
substantial  in  the  range  of  electric  field  of  interest  for 
submicron-eise  devices.  From  a  physical  point  of  view, 


Fig.3  :  Velocity  vs.  transversal  field  (Et)  for  differ¬ 
ent  longitudinal  field  values:  the  dots  are  experimental 
points  [9]  and  the  lines  are  obtained  from  MC  simula¬ 
tions. 

the  effect  of  Et  on  vsat  is  ultimatly  due  to  the  vari¬ 
ation  of  the  carrier  interaction  among  themselves  and 
with  the  Si-SiOi  interface  that  depends  on  the  actual 
current  path  and  charge  distribution  within  the  device, 
thus  exhibiting  an  intrinsically  global  two  dimensional 
dependence  on  the  applied  voltage. 


Fig.4  :  Velocity  saturation  vs.  transversal  field  Et- 
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4.  CONCLUSIONS 

We  have  used  Monte  Carlo  simulation  of  electron 
transport  in  MOSFETs  to  investigate  the  dependence 
of  the  carrier  mobility  on  the  applied  field  and  the  effect 
on  the  electron  saturation  velocity. 

In  this  way  the  physical  mechanisms  responsible 
for  mobility  degradation  and  field  dependence  of  vsat 
can  be  studied  down  at  the  microscopic  level. 
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This  paper  reports  on  a  Monte  Carlo  simulation  of  the  hot  electron  transport  phenomenon  in  an  het- 
eroetructure  semiconductor  device.  Two  different  electron  populations  have  been  simulated  :  the  hot 
electrons  injected  via  a  tunneling  mechanism  into  the  base,  and  the  thermal  electrons  arising  from  the 
high  doping  density  of  the  ballistic  device.  Electron-electron  scattering  and  plasmon-  electron  scattering 
have  been  introduced  into  the  physical  model  which  includes  also  electron  degeneration  and  quantum 
reflections  at  the  collector  barrier.  The  simulation  has  been  compared  with  the  experimental  results 
obtained  from  the  THETA  device  at  4.2K. 

(Hot  Electron  Injected  Ballistic  Device).  In  HEIBD, 
electrons  are  injected  into  the  base  with  energies  of 
some  hundreds  meV  greater  than  the  thermal  energy; 
this  technique  promises  switching  time  of  the  order 
of  lps.  Looking  at  these  estimates, it  is  to  recognize 
the  importance  of  a  systematic  study  of  the  properties 
of  ballistic  semiconductor  device,  and  in  particular  of 
HEIBDs.  We  present  here  a  Monte  Carlo  simulation  of 
a  device  called  THETA  (Tunneling  Hot  Electron  Trans¬ 
fer  Amplifier)  [2],  but  the  model  applies  also  to  other 
classes  of  ballistic  devices.  The  device  (see  Fig.la), 
is  a  heterostructure  consisting  of  alternate  layers  of 
GaAs  and  AlGaAs;  electrons  are  injected  into  the  base 
via  tunnel  effect  through  the  potential  barrier  between 
emitter  and  base.  Because  of  the  homogeneity  of  the 
electric  field  in  the  normal  direction  to  the  plane  of 
Fig.  la,  it  is  possible  to  restrict  ourselves  to  a  two 
dimensional  real  space  simulation. 

The  main  aspect  of  this  work  is  that,  in  addition 
to  the  electron  degeneration  effects,  the  quantum  struc¬ 
ture  of  the  potential  barrier  at  the  base  collector  inter¬ 
face  has  been  taken  into  account;  this  is  an  important 
point  in  order  to  compare  the  model  predictions  with 
experimental  data.  All  the  computations  have  been 
performed  on  an  IBM  3090-200/ VF ,  which  is  particu¬ 
larly  suitable  becuse  it  is  a  vector-parallel  system,  and 


1.  INTRODUCTION 

One  of  the  most  outstanding  trends  in  semicon¬ 
ductor  devices  technology  consists  in  the  reduction  of 
the  switching  time.  As  a  result  of  this  operation  it  is 
possible  to  obtain  high  computing  velocity,  improving 
computer  performances  independently  from  its  archi¬ 
tecture.  The  most  common  technology  used  in  the 
fastest  switching  logic  circuits  is  the  MESFET  tech¬ 
nology  (Metal  Semiconductor  Field  Effect  Transistor) 
using,  as  semiconductor  material,  Gallium  Arsenide 
(GaAs).  Within  this  class  of  devices  it  is  possible 
to  achieve  switching  times  of  the  order  of  50pa.  Fur¬ 
ther  improvements  have  been  obtained  with  the  HEMT 
(High  Electron  Mobility  Transistor)  technology  which 
is  capable  of  switching  velocity  of  the  order  of  10 ps. 
Very  high  speeds  are  obtained  by  minimising  the  en¬ 
ergy  and  momentum  losses  that  electrons  undergo  as 
their  cross  the  active  area  of  the  device.  In  this  di¬ 
rection,  a  very  promising  possibility  resides  in  the  con¬ 
cept  of  Hot  Ballistic  Electrons;  in  a  standard  device, 
as  MESFET,  and  also  in  HEMT,  electrons  are  injected 
into  the  channel  with  a  thermal  energy  distribution  and 
a  small  initial  velocity.  In  order  to  reduce  the  transit 
time  through  the  channel  or  the  base,  it  is  very  im¬ 
portant  to  increase  their  initial  velocity;  this  is  accom¬ 
plished  in  a  class  of  devices  that  we  will  call  HEIBD  [l] 


Imcum  it  has  a  large  central  storage  capability. 

In  section  2  we  will  describe  the  physical  model 
that  has  been  need  while  section  3  and  4  will  be  devoted 
to  the  discussion  of  results  and  conclusion. 

2.  THE  PHYSICAL  MODEL 

A  two  valley  GaAs  model  is  used  for  the  simula¬ 
tion.  The  scattering  mechanisms  considered  are  with 
polar  optical  phonons,  non-equivalent  (T-L)  and  equiv¬ 
alent  (L-L)  intervalley  phonons,  acoustic  phonons,  and 
ionised  impurity.  The  Monte  Carlo  algorithm  is  cou¬ 
pled  to  a  Poisson  solver  in  the  way  described  in  Refs. 
3  and  4.  In  HEIBD  the  quantum  transport  properties 
are  strongly  affected  by  the  shape  of  the  conduction 
band  edge  which  is  shown,  for  the  particular  device 
that  has  been  studied,  in  Fig.  lb.  This  structure  and 
the  high  doping  density,  which  in  the  THETA  device 
is  of  the  order  of  1034/m*,  introduced  in  order  to  ob¬ 
tain  reasonable  emitter  currents  with  a  bias  smaller 
than  the  separation  between  T  and  L  valleys,  impose 
several  quantum  corrections  necessary  for  an  accurate 
description  of  HEIBD  dynamics.  The  quantum  effects 


ulated  device.  The  dotted  regions  (2)  and  (4)  are 
made  of  AlGaAs,  the  others  of  GaAs;  (b)  conduc¬ 
tion  band  edge  without  (dashed  curve)  and  with 
bias  (solid  curve). 


are  included  in  scattering  rates  (through  Pauli  exclu¬ 
sion  principle),  in  distribution  functions  and  in  trans¬ 
mission  and  reflection  coefficients. 

Some  other  important  feature  induced  by  the  pe¬ 
culiar  structure  of  HEIBD  are  listed  below: 
a)  The  doping  in  the  base  region  produces  a  “sea” 
of  cold  degenerate  electrons  (  in  the  simulated  device 
about  10s  electrons.)  These  electrons  are  confined  in 
the  base  by  the  collector  potential  barrier;  the  pres¬ 
ence  of  such  electron  “plasma*  is  an  important  energy 
or  longitudinal  momentum  loss  mechanism  both  on 
short  and  long  range.  Electron-electron  and  electron- 
plasmon  scattering  are  considered  as  in  Ref.  5.  These 
two  scatterings  are  implemented  splitting  the  Coulomb 
Potential  in  a  long  range  part,  responaable  for  the  electron- 
plasmon  scattering,  and  a  short  range  part  Responsi¬ 
ble  for  the  electron-electron  scattering.  The  screen¬ 
ing  length,  discriminating  between  the  two  different 
regimes,  is  the  Fermi-Thomaa  length.  To  avoid  un¬ 
physical  long  range  correlations  in  the  electron-electron 
scattering  the  partners  are  chosen,  if  there  are  any,  in 
the  range  of  two  Fermi-Thomas  lengths. 

To  account  for  the  Pauli  exclusion  principle  which 
affects  remarkably  the  dynamics  of  the  highly  degener¬ 
ate  particles  considered,  we  used  the  technique  which 
the  k-space  is  divided  in  elementary  cells  of  arbitrary 
volume,  the  occupation  number  (i.e.  the  maximum 
number  of  particles  contained  in  agreement  with  Pauli 
exclusion  principle)  is  obtained  by  counting  the  number 
of  states  contained  in  each  cell  (see  Refs.  3  and  6  for 
details).  In  order  to  consider  particle  inhomogeneities 
in  the  base,  four  different  occupation  numbers  are  com¬ 
puted  in  terms  of  the  dimension  of  the  region  and  as¬ 
signed  to  a  particular  k-space  matrix.  Figure  2  shows 
the  particle  distribution  in  the  base  GaAs  layer  after 
100  time  step  aqd  corresponds  to  region  3  of  Figure 
la;  the  depletion  near  the  emitter  AlGaAs  interface 


Figure  2:  Distribution  of  particles  in  the  base. 
The  four  regions  in  the  simulation  are  divided  by 
the  dashed  lines. 
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is  visible  even  if  it  is  partially  filled  by  some  injected 
electrons.  Two  depletions  are  recognisable  also  near 
the  base  electrodes. 

b)  The  second  relevant  point  is  the  presence  of  the 
emitter  and  collector  barriers.  The  spectrum  of  in¬ 
jected  electrons  is  obtained  integrating  numerically  the 
Schroedinger  equation  for  incident  plane  wave  func¬ 
tions.  In  this  way  one  obtains  the  transmission  co¬ 
efficient  as  a  function  of  total  electron  energy  Tt(E) 
and  normal  electron  energy  T,(En),  where  En  is  the 
energy  associated  with  momentum  component  kn  nor¬ 
mal  to  the  collector  barrier.  Two  approximations  have 
been  used:  no  alloy  scatterings  have  been  considered, 
such  that  the  tunneling  is  perfectly  elastic,  the  influ¬ 
ence  of  the  collector  barrier  has  not  been  taken  into 
account  (resonant  tunneling).  Figure  3a  shows  the  dis¬ 
tribution  of  injected  particles  N(En)  at  4.2  K  which, 
in  terms  of  current  density  distribution,  is  given  by: 

N(En)  =  JT  j  J(En)dsdt  (1) 

and  J(En)  is  current  distribution  per  unit  surface: 

J(En)  =  ^hnEn)  r  fB(E)\\  -  h[E)}dEt  (2) 
2ir  h  Jo 

where  fs  and  fa  are  respectively  the  density  of  states 
in  the  emitter  region  and  in  the  base  region,  and  £t  is 
the  energy  associated  with  the  momentum  components 
parallel  to  the  collector  barrier. 


c)  The  last  to  analyse  is  the  effect  of  a  quantum  col¬ 
lector  barrier.  As  already  mentioned,  the  resonant 
tunneling  has  not  been  included  in  the  model,  thus  it 
was  possible  to  consider  separately  the  collector  barrier 
and  compute  numerically  the  transmission  and  reflec¬ 
tion  coefficients  Te(En)  and  Re(En).  It  is  very  likely 
that  resonant  tunneling  has  a  considerable  influence  on 
HEIBD  dynamics,  but  in  any  case  the  presence,  in  con¬ 
nection  with  the  other  effects  previously  described,  of 
the  quantum  collector  barrier,  not  considered  in  other 
simulation,  permits  a  clearer  interpretation  of  experi¬ 
mental  results. 

3.  RESULTS 

We  present  here  some  of  the  results  of  the  sim¬ 
ulation,  compared  with  experimental  data.  A  more 
complete  discussion  can  be  found  in  Ref.  7.  Figure  3b 
represent  the  collected  electron  spectrum  for  an  emitter 
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current  of  100 pA  and  a  collector  barrier  eight  of  170 
meF.  A  comparison  with  the  injected  particle  spec¬ 
trum  reported  in  Figure  3a  shows  that  the  width  of 
the  distribution  at  half  maximum,  of  about  65  meF,  is 
of  the  same  order  of  the  injected  electron  distribution, 
and  this  is  a  clear  signal  of  the  ballistic  behaviour  of 
the  injected  electrons. 

For  the  analysis  of  the  characteristics  curve  few 
preliminary  comments  are  needed.  For  a  graded  col¬ 
lector  barrier  as  in  the  THETA  device  the  dependence 
between  collector  bias  AFC  and  barrier  height  A Ec  is 
linear  only  for  negative  bias  values  and,  in  this  case,  is 
given  by: 

A Ec  =  -  AFC  (3) 

where  $c  is  the  collector  barrier  height  for  zero  bias. 
For  AFC  >  0  this  relation  is  no  longer  valid  and  is 
strictly  connected  with  the  grading  profile  which  is,  at 
present,  not  very  well  know.  For  $c  we  used  the  value 
commonly  quoted  in  the  literature  of  215^5»7ieF,  where 
the  errors  are  related  to  the  uncertainty  on  the  A1  mole 
fraction  in  AlGaAs.  The  insert  in  Fig.  4  shows  the 
theoretical  energy  distribution  obtained  using  the  lin¬ 
ear  approximation  given  by  Eq.  (3)  (circles),  compared 
with  experimental  result  (solid  line).  In  this  case  one 
has  to  consider  that  the  experimental  curve  is  obtained 
indirectly,  deriving  the  (I,V)  diagram  with  respect  to 
the  collector  bias.  The  two  points  in  the  interval  (- 
1.0, 0.0)  V  are  due  to  an  enhancement  originated  by  the 


E(eV)  Elev) 


Figure  3:  (a)  Energy  spectrum  of  the  injected 
particles  for  I,  =  lOOpA;  (b)  energy  spectrum 
of  the  collected  particles,  with  a  collector  barrier 
height  of  170  meV. 
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phonon  interaction  and  are  not  preeent  in  the  experi¬ 
mental  carve,  probably  because  the  real  injected  parti¬ 
cle  distribution  is  affected  by  interbarrier  diffusion,  in¬ 
elastic  tunneling  should  then  be  considered.  Analysing 
in  more  detail  the  (I,V)  curve  one  can  see  the  small  tail 
in  the  interval  (-0.3, -0.2)  V  due  to  the  corresponding 
toil  in  the  electron  distribution.  The  degeneracy  of  the 
electrons  is  now  fundamental  preventing  about  85  As 
previously  mentioned  the  comparison  of  the  data  is  not 
straightforward  for  the  positive  collector  bias  because 
of  the  presence  of  the  grading  at  the  collector  barrier. 
In  this  case  it  is  not  possible  to  use  the  linear  rela¬ 
tion  (6);  in  fact  the  uncovered  region  between  0.0  and 
1  V  is  actually  still  under  investigation,  in  particular 
for  what  concerns  the  grading  profile.  Using,  at  1  V 
bias,  the  value  for  the  collector  barrier  of  165  meV  re¬ 
ported  in  the  literature,  we  obtain  values  for  the  trans¬ 
fer  ratio  in  good  agreement  with  experimental  results. 
In  the  same  hypotheses  Figure  4,  where  we  reported 
all  Monte  Carlo  results  for  /,  =  100/M  (circles)  and 
It  —  60/M  (crosses),  shows  that  the  point  obtained  for 
1.0F  base-collector  bias  is  in  good  agreement  with  ex¬ 
periment  (solid  line).  Then,  assuming  that  the  value 


Figure  4:  Collector  current  for  /,  =  100/M  and 
I,  =  60/M.  The  solid  line  shows  the  experimen¬ 
tal  curves,  circles  and  crosses  the  Monte  Carlo  re¬ 
sults.  The  insert  displays  the  comparison  between 
the  theoretical  and  experimental  energy  distribu¬ 
tions. 


of  165  meV  is  correct,  this  point  is  a  good  check  of  the 
model  because  in  this  case  the  effect  of  the  resonant 
tunneling  is  quite  irrelevant. 

4.  CONCLUSIONS 

In  conclusion,  we  have  shown  that  it  is  possible  to 
study  ballistic  transport  using  a  semiclaasical  approx¬ 
imation  including  very  careful  and  sophisticate  treat¬ 
ment  of  quantum  effects;  the  data  reported,  deprived 
from  arbitrary  derivation  from  the  energy  distribution 
show  that  the  state  of  art  is  skillful  enough  to  obtain 
a  good  description  of  HEIBD  dynamics.  The  model 
used  is  capable  also  of  successfully  describe  other  bal¬ 
listic  devices.  Furthermore, an  analysis  of  the  comput¬ 
ing  time,  for  the  code  that  we  used  in  the  present  work, 
suggests  that  the  introduction  of  the  next  level  of  com¬ 
plexity  (including  a  more  complete  evaluation  of  the 
band  structure  and  of  the  equation  of  motion)  is  pos¬ 
sible  with  the  present  generation  of  computers.  The 
problem  of  resonant  tunneling  ,  which  seems  to  play 
an  important  role  in  the  dynamics  of  HEIBD,  need  ad¬ 
ditional  investigations. 
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We  present  a  general  analysis  of  steady-state  velocity  fluctuations,  diffusion  and  noise  for  electrons  in  GaAs- 
AlGaAs  quantum  wells  under  high-field  conditions  using  an  Ensemble  Monte  Carlo  simulation.  Here  we  analyze  for 
the  first  time  diffusivity  and  noise  problems  in  a  two-dimensional  structure  by  means  of  the  velocity  autocorrelation 
function.  From  the  Monte  Carlo  simulation  we  obtain  results  for  the  diffusion  coefficient  at  various  field  strengths 
and  for  the  autocorrelation  function  of  velocity  fluctuations  as  a  function  of  time  for  different  physical  conditions. 
We  also  show  the  power  spectral  density  of  velocity  fluctuations  as  a  function  of  frequency  for  such  systems,  and 
a  comparison  is  made  with  the  available  data  in  the  literature.  The  role  of  interband  scattering,  a  new  noise 
source  not  present  in  bulk  structures,  is  discussed,  together  with  the  comparison  between  bulk  and  2D  results. 


1.  INTRODUCTION 

A  theoretical  analysis  of  fluctuations  and  noise  in  semi¬ 
conductors  can  yield  relevant  information  on  the  micro¬ 
scopic  interpretation  of  transport  coefficients  as  well  as  on 
the  detailed  features  of  various  scattering  mechanisms.  In 
submicron  devices,  where  high  fields  are  present  and  ultra- 
fast  transport  processes  are  usually  involved  noise  and  dif¬ 
fusion  may  play  an  important  role  in  the  design  and  char¬ 
acterization  of  the  device  itself.  At  present  very  little  ex¬ 
perimental  data  exists  on  the  noise  properties  of  quantum 
wells  and  few  theoretical  investigations  have  been  made  on 
fluctuation  phenomena  in  2D  systems  [1,2]. 

We  treat  the  theoretical  problem  in  terms  of  the  auto¬ 
correlation  function,  a  quantity  directly  related  to  diffusivity 
and  noise,  and  ere  obtain  results  for  realistic  structures  using 
an  Ensemble  Monts  Carlo  simulation  of  electrons  confined 
to  a  quantum  srell. 

2.  THEORY  AND  THE  NUMERICAL  PROCEDURE 

Let  us  consider  an  enssmbls  of  non-interacting  electrons 
in  a  semiconductor  subject  to  an  external  electric  field  E 
and  to  the  action  of  scattering  agents  (phonons,  impurities, - 
etc).  If  the  electrons  are  nonuniformly  distributed  in  space 
the  phenomenon  of  diffusion  occurs,  tending  to  uniformly 


spread  the  concentration  of  carriers  in  space. 

This  behaviour  is  described,  at  a  phenomenological 
level,  by  the  diffusion  equation  [3]: 

*  =  e{n(r)u*-D,3[^]}  (1) 

In  the  above  equation  e  is  the  electron  charge,  r  is  the  special 
position  with  components  xit  n(r)  and  J  the  particle  den¬ 
sity  and  current  density,  respectively,  Dii  is  the  diffusion 
coefficient  tensor  (ij— 1,2,3,  the  sum  over  repeated  indices 
is  implied),  Vj  is  the  drift  velocity  of  the  carriers  in  absence 
of  diffusion. 

If  E  is  applied  along  a  high  symmetry  direction  of  a 
cubic  crystal,  then  Da  reduces  to  a  diagonal  form,  with  a 
longitudinal  component  D>  and  two  transverse  components 
Dt.  In  the  following  we  will  analise  diffusivity  and  noise 
properties  along  the  field  direction;  consequently  we  will  use 
a  simplified  scalar  notation  where  all  the  vector  quantities 
are  substituted  with  their  longitudinal  components. 

For  vanishingly  small  electric-field  strengths,  diffusiv¬ 
ity  D  and  mobility  ft  are  field  independent  and  satisfy  the 
Einstein  relation  [3] 

At  high  fields  the  Einstein  relation  fails  and  the  study 
of  rfitWon  ig  generally  performed  through  the  introduction 
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of  a  fi aid-dependent  D  [4]. 

H  the  concentration  gradient*  are  email  and  in  absence 
of  carrier-carrier  interaction—  D(E)  can  be  obtained  from 
the  following  equation  [3]: 

d((x-(x))»)  =2g  {2) 

dt 

where  x  is  the  displacement  along  the  field  direction  and 
brackets  represent  an  ensemble  average.  The  quantity  on 
the  right-hand  side  is  the  second  central  moment  (SCM)  of 
the  distribution  n(r);  Eq.(2)  is  valid  at  times  longer  than 
both  the  transient  transport  time  and  the  correlrl'on  time, 
i.e.  the  time  necessary  for  setting  up  the  correct  space- 
velocity  correlations  which  are  at  the  basis  of  diflusivity  ef¬ 
fects  [S]. 

The  phenomena  of  diffusion  is  stridy  related  to  noi- 
ge.  The  mathematical  quantity  that  describes  the  common 
origin  of  diffusion  and  noise  is  the  autocorrelation  function 
(ACF)  of  velocity  fluctuations,  which  contains  information 
on  the  magnitude  of  the  fluctuations  and  how  they  decay  in 
time: 

C(t)  =  + 1))  (3) 

(the  mean  value  in  steady  state  conditions  is  independent 
of  r).  C(t)  is  related  to  the  diffusion  D  through: 

D~  I  dtC(t)  (4) 

Jo 

Thus  D  can  be  evaluated  through  the  knowledge  of  C(t), 
which  is  of  interest  in  itself  since  it  give®  important  physical 
information  on  the  time  evolution  of  the  carrier  dynamics  . 


Finally,  we  introduce  the  noise  spectrum  S,(w): 

rT  * 

=  /  3v(t)«-‘*!  >  (5) 

Jo 


The  noise  spectrum  is  then  related  to  the  ACF  C(t)  by  the 
Wiener- Kin tchins  theorem  [6j. 

The  2D  physical  system  under  investigation  is  a  square 
wall  representing  the  effective  ID  potential  arising  from  the 
band  offset  between  GaAs  and  AlGaAs  (mole  fraction  of  A1 
in  the  alloy  =.23).  The  solutions  of  the  wave  equation  for 
this  potential  give  rise  to  a  series  of  2D  dimensional  sub¬ 
bands  which  we  use  in  calculating  the  scattering  rates  for 
electronic  motion  parallel  to  the  well,  modeled  using  an  En¬ 
semble  Monte  Carlo  (EMC)  simulation.  For  a  well  width 
of  100A  two  subheads  are  allowed  in  the  central  valley.  We 
treat  both  intra-  and  intersubband  scattering  of  the  2D  elec¬ 
tron*  by  bulk  longitudinal  optical  phonons  (7j;  intervalley 
scattering  to  the  satellite  L- valleys  ja  also  included.  Details 


of  the  physical  model  and  the  numerical  procedure  can  be 
found  in  Refs.  [8|  and  (0).  We  do  not  consider  the  effect  of 
intervalley  transfer  of  carriers  out  of  the  well  in  this  work. 

During  the  numerical  simulation,  we  follow  the  time 
evolution  of  an  ensemble  of  4000  electrons  whose  free  flights 
are  generated  stochastically  according  to  the  calculated 
scattering  probabilities.  From  this  ensemble,  we  calculate 
the  SCM  of  the  carrier  displacement  and  the  ACF  of  veloc¬ 
ity  fluctuations  about  their  mean  value. 

D  is  determined  both  from  the  SCM  following  eq.(2) 
and  from  the  ACF  using  eq.(4).  Sw(u)  is  calculated  as  the 
Fourier  transform  of  the  ACF  from  the  Wiener  Kintchine 
theorem.  For  the  details  of  the  numerical  evaluation  of  the 
SCM  and  the  ACF  see  Ref.  [4], 

In  order  to  compare  2D  results  with  3D  results  an  EMC 
program  for  bulk  GaAs  has  also  been  used  [4j.  The  physical 
model  for  GaAs  includes  the  same  intravalley  and  interval¬ 
ley  scattering  sources  as  the  2D  program,  and  the  input 
parameters  of  the  material  have  been  consistently  chosen. 

3.  RESULTS 

Results  have  been  obtained  at  300  K  for  a  100  A  well 
at  different  field  strengths.  Fig.l  and  Fig.2  report  the  car¬ 
rier  drift  velocity  and  the  longitudinal  diffusion  coefficient  as 
functions  of  field  strength  for  both  the  2D  system  and  bulk 
GaAs.  The  absence  of  dissipative  scattering  mechanisms 
below  the  optical  phonon  temperature  does  not  permit  sim¬ 
ulation  of  ohmic  conditions.  However  the  extrapolation  to 
the  low-field  limit  of  the  data  for  v*  and  D  satisfies  the 
Einstein  relation  within  the  Monte  Carlo  accuracy. 


Fig.l:  Drift  velocity  as  a  function  of  field  strength  at 
300  K  for  the  2D  and  the  3D  systems  (see  text). 
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pig. 2:  Longitudinal  diffusion  coefficient  as  a  function 
of  field  strength  at  300  K  for  the  2D  and  3D  cases.  The 
orixontal  lines  represent  the  equilibrium  values  (see  text). 

The  ohmic  mobility  in  the  two  cases  is  not  significantly 
different  because  the  2D  polar  optical  scattering  rate  is  very 
close  to  the  same  curve  for  3D.  Consequently  the  equilibrium 
D  is  also  dose  between  2D  and  3D. 

A  negative  differential  mobility  effect  is  present  in  both 
curves,  and  the  threshold  field  in  2D  is  lower  than  in  3D. 
At  room  temperature,  for  fields  lower  than  the  threshold  for 
electron  transfer  to  the  upper  valleys  and  bands  the  dom¬ 
inant  scattering  is  essentially  given  by  polar  optical  inter¬ 
action.  When  the  electron  energy  is  high  enough  to  allow 
transfer  to  upper  valleys  and  upper  subbanda  the  mobility 
decreases  with  higher  field  strengths. 

The  diffusion  coefficient  is  found  to  decrease  monotoni- 
cally  in  both  cases  at  increasing  field  strengths.  At  low  and 
intermediate  fields  D  is  larger  in  2D  than  in  3D,  because  in¬ 
terband  scattering  introduces  a  new  randomisation  process 
that  increases  diffusivity,  noise,  and  decreasee  the  autocor¬ 
relation  time  of  velocity  fluctuations.  At  higher  fields  the 
difference  between  2D  and  3D  is  reduced  and  finally  it  disap¬ 
pears  when  the  electron  energy  is  high  enough  to  guarantee 
full  randomisation  of  electron  paths  in  k -space. 

Our  results  differ  from  the  theoretical  data  of  van  Rhee- 
nen  et  al.  [1]  ,  who  found  large  difference  between  2D  and 
3D  data  for  both  drift  velocity  and  diffusivity  vs  field,  while 
we  find  better  agreement  with  experimental  data  (2]  ,  even 
though  a  direct  comp'rison  would  require  the  knowledge  of 
both  experiment  d  and  theoretical  low-field  diffusivity. 


Fig.3:  2D  autocorrelation  function  of  velocity  fluctua¬ 
tions  as  a  function  of  time  for  E=2,6,10  kV/cm. 

As  a  further  confirmation  of  the  above  interpretation, 
Fig.  3  shows  the  normalised  ACF  of  velocity  fluctuations 

as  a  function  of  time  for  E=2,6,10  k V /cm  for  2D  and  3D 
A  negative  tail  is  present  at  6  and  10  kV/cm  which  is  due 
to  the  dynamical  effect  of  the  transfer  back  and  forth  from 
upper  valleys.  Furthermore  the  time  necessary  to  cancel 
the  correlations  between  velocity  fluctuations  is  larger  at 
fields  close  to  the  threshold  field,  and  then  it  decreases  at 
increasing  fields. 


T  (ps) 

Fig-4:  Transient  diffusion  coefficient  as  a  function  of 
time  for  the  2D  system  at  the  same  fields  shown  in 
Fig.3. 
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Fig. 4  ahow*  the  transient  longitudinal  diffusion  coeffi¬ 
cient  es.e  function  of  time  for  the  seme  fields  of  Fig. 3.  It  is 
interesting  to  notice  the  preeence  of  a  bump  at  E=6  and  10 
kV/cm  related  to  the  decrease  in  Telocity  during  the  tran¬ 
sient,  when  the  electron  cloud  begins  the  transfer  to  upper 
valleys  and  bands.  In  SD  GaAs  D  is  found  to  be  even  neg¬ 
ative  because  of  the  same  effect,  but  in  2D  the  preeence  of 
upper  subbands  seems  to  smooth  the  strong  negative  corre¬ 
lation  introduced  by  the  usual  dynamical  picture,  and  D  is 
always  found  positive. 


Fig.S:  Power  spectral  density  of  velocity  fluctuations 
as  a  function  of  frequencey  at  E=2,5  and  10  kV/cm  for 
the  2D  case. 
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Finally  Fig.  6  shows  the  power  spectral  density  of  veloc¬ 
ity  fluctuations  as  a  function  of  frequency  at  E=2,5  and 
10  kV/cm.  This  quantity  exibits  the  same  qualitative  be¬ 
haviour  of  the  3D  case.  The  bump  at  low  frequencies  is  due 
to  the  presence  of  the  negative  tail  in  the  ACF. 
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We  present  a  new  particle  method  for  the  simulation  of  the  semiconductor  Boltzmann 
equation.  It  differs  from  the  Monte-Carlo  method  by  the  approximation  of  the  collision 
integral:  with  each  particle,  we  associate  a  new  degree  of  freedom,  a  weight,  the  time 
variations  of  which  account  for  the  collision  Integral  by  means  of  a  quadrature  formula. 
Linear  as  well  as  non-linear  collision  Integrals  can  be  handled  the  same  way  by  this 
method.  It  has  been  applied  to  the  polar  optical  scattering  in  the  homogeneous  field 
model.  Numerical  results  are  presented  with  an  emphasis  on  the  Influence  of  the  Pauli 
degeneracy  terms. 


1.  INTRODUCTION 

In  modern  subnlcronic  devices,  the  physical 
assumptions  which  base  the  fluid  models  (e.g. 
the  drift-diffusion  or  the  hydrodynamic  models) 
are  no  more  fulfilled.  Indeed  the  ratio  of  the 
mean  free  path  of  the  carriers  to  the  active 
length  of  the  device  Is  no  longer  small,  and 
one  has  to  consider  the  semiconductor  Boltzmann 
equation,  In  order  to  achieve  a  physically 
reliable  modelling.  The  most  widely  used 
numerical  method  for  the  simulation  of  the 
Boltzmann  equation  Is  the  Monte-Carlo  method 
(cf  [1]  and  references  therein),  but  iterative 
methods  [2]  and  direct  methods  [3]  have  been 
successfully  used  In  very  particular  cases. 

The  Monte-Carlo  method,  although  very 
successful  In  many  areas,  presents  two  major 
drawbacks:  first,  the  stochastic  nature  of  the 
method  Introduces  a  lot  of  numerical  noise 
which  makes  the  computations  very  uneasy  In  the 
transient  Inhomogeneous  regimes;  second,  the 
definition  of  an  appropriate  stochastic  process 
can  be  extremely  complicated  In  the  non-linear 
cases  and  lead  to  quite  expensive  computations. 
Thus  the  development  of  new  direct  numerical 
methods  seems  very  Important  for  the  future  of 
the  numerical  modelling  of  the  Boltzmann 
equation. 


This  paper  Intends  to  present  a  new  method 
which  could  provide  an  Interesting  alternative 
to  the  Monte-Carlo  method  (cf  also  [4]).  It  Is 
based  on  the  Ideas  of  Ravlart  and  Mas-Gallic 
[5],  and  is  presented  In  the  next  section  . 

2.  PRESENTATION  OF  THE  NUMERICAL  METHOD 

In  this  paper,  we  will  only  consider  a 
constant  field  model.  This  model  describes  an 
infinite  and  homogeneous  sample  of 
semiconductor  submitted  to  a  constant  external 
electric  field.  However  the  method  extends 
quite  straightforwardly  to  Inhomogeneous  cases 
[5],  and  numerical  experiments  are  currently 
performed  in  this  context.  We  recall  that  the 
Boltzmann  equation  In  the  constant  field 
geometry  Is  written: 

(1)  8tf(kj  kj  t)-  qE/ft  a^f^.k^t)  -  Q(f) 

where  the  distribution  function  f  depends  on 
the  components  k,  and  k2  of  the  electron  wave 
vector  k,  respectively  parallel  and  tranverse 
to  the  electric  field  E.  We  recall  that  q  Is 
the  (positive)  electronic  charge  and  ft  Is  the 
reduced  Planck  constant. 

The  collision  terra  Q(f)  describes  the 
Interactions  between  the  electrons  and  the 
lattice  (up  to  now,  we  do  not  consider 
electron-  electron  collisions),  and  Is  given 
by: 
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(2)  Q(f)  -  J  t  s(k',k)  f(k')  (l-f(k)) 

-  s(k,k')  f(k)  (l-f(k'))  ]  dk' 

where  s(k,k')  is  the  transition  probability 
from  a  state  k  to  a  state  k'.  The  (1-f)  terms 
in  (2)  account  for  Pauli's  exclusion  principle 
which  also  implies  that  f  1$  comprised  between 
0  and  1.  For  lightly  doped  materials,  the  (1-f) 
terms  can  be  neglected  and  the  collision 
operator  approximated  by: 

(3)  Q(f)  -  /  [  s(k',k)  f(k') 

-  s(k.k')  f(k)  ]  dk' 

The  numerical  approximation  relies  on  a 
particle  description  of  the  distribution 
function,  which  means  that  f  is  decomposed  Into 
a  sum  of  delta  functions: 

(4)  f  “  2,  «,  f,(t)  «(k,-kj  (t))  G^-lc*  (t)) 

where  kj(t)  and  k*(t)  are  the  positions  (in  the 
k  space)  of  the  1-th  particle,  «t,  a  constant 
control  volume,  and  f,(t)  a  time  dependent 
weight.  In  a  Monte-Carlo  method,  the  product 
w,f,  is  constant  in  time,  and  both  the 
collisionless  dynamics  (given  by  the  left  hand 
side  of  (1)),  and  the  collisions  (right  hand 
side)  are  accounted  for  by  the  motion  of  the 
particles.  In  the  present  method,  the  motion  of 
the  particles  is  ruled  by  a  collisionless 
dynamics,  whereas  the  collisions  are  accounted 
for  by  the  variation  of  the  weights,  through  a 
quadrature  evaluation  of  the  Integral  (2): 

(5)  atk •  -  -  qE/A  ;  dt  k*  -  0 

(6)  atf,  -  2,  [  s«  (kj.k,)  f4  (1  -  ft) 

-  s“  (kj.kj)  f,  (1  -  fj)  ] 

sa(k,k')  represents  i  smoothed  approximation  of 
s(k,k')  when  It  displays  singularities  (cf 
details  In  [4]  ).  The  differential  system  (5) 
(6),  Is  solved  by  standard  finite  difference 
methods.  This  method  presents  strong  analogies 


with  that  of  Kulvalalnen  and  Llndberg  [6]. 

3.  NUMERICAL  RESULTS  FOR  POLAR  OPTICAL 
SCATTERING 

The  aim  of  this  section  1$  to  present  an 
application  of  our  numerical  method  for  the 
Investigation  of  degeneracy  effects  on  polar 
optical  scattering.  He  used  the  expression  of 
the  transition  rate  s(k,k')  given  In  [1]  and 
the  numerical  values  for  GaAs  [1].  Beside  the 
polar  optical  scattering  term  a  relaxation  time 
model  (  of  order  10‘ 11  s)  was  Introduced  to 
account  for  the  other  sources  of  scattering 
(impurities,  acoustical  phonons).  The 
distribution  function  was  Initiated  with  an 
equilibrium  Fermi-Dirac  distribution  at  the 
lattice  temperature  (  T  -  77  K  )  and  the 
electric  field  was  10s  Vm'1  which  is  the 
highest  value  for  which  we  can  neglect 
interval ley  effects. 

He  performed  several  numerical  computations 
with  different  electron  densities  (that  is 
different  values  of  the  chemical  potential  for 
the  Initial  Fermi-Dirac  distribution).  On 
figure  1,  we  display  the  mean  velocity  versus 
time  for  3  values  of  the  electron  density.  At  a 
density  of  1017  cm'3  (plot  1),  a  slight 
velocity  overshoot  Is  present.  At  1018  cm"3 
(plot  2),  the  stationary  velocity  Is  smaller 
and  the  overshoot  has  vanished.  But  the 
qualitative  behaviour  Is  quite  the  same. 
However,  at  3.1018  cm'3  (plot  3)  the  time  of 
the  simulation  was  not  sufficient  to  reach  the 
stationary  state.  Furthermore,  the  stationary 
velocity  is  much  higher  than  in  case  2. 

The  physical  Interpretation  of  this 
behaviour  Is  given  when  considering  figures  2 
and  3  which  display  the  traces  of  the 
distribution  function  along  the  kt  axis 
(parallel  to  the  electric  field)  respectively 
at  the  Initial  time  and  at  time  t  -  3  ps  and 
for  the  3  values  of  the  density.  On  the 
figures,  we  have  reported  the  value  of  the 
threshold  for  polar  optical  emission  (1e  the 
wave-vector  corresponding  to  the  optical  phonon 
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TIME  (  ps  ) 

Fig  1:  mean  velocity  versus  time:  density  - 
10"  cm'3  (plot  1)  ,  1018  cm'3  (plot  2)  , 
3.I018  cm'3  (plot  3). 


energy:  vertical  line).  Indeed,  the  scattering 
becomes  significant  only  for  electrons  with 
wave -vectors  larger  than  the  threshold. 

For  a  low  density  (case  1),  the  chemical 
potential  Is  much  lower  than  the  threshold 
energy  (figure  2).  Thus,  the  transient  regime 
begins  with  a  quasi  ballistic  part,  where 
electrons  are  accelerated  by  the  field  with 
almost  no  scattering,  until  they  reach  the 
threshold  energy.  Then,  they  undergo  a  strong 
scattering  which  sends  them  back  to  lower 
energies  and  produces  the  overshoot  on  figure 
1.  The  stationary  distribution  function  (figure 
3)  has  a  very  sharp  gradient  near  the 
threshold,  Indication  of  Its  very  strong 
Influence.  In  this  case,  the  use  of  a  linear 
scattering  term  (3)  would  produce  very  similar 
results  [*J. 

At  the  Intermediate  density  (case  2),  the 
chemical  potential  Is  almost  equal  to  the 
threshold  energy  (figure  2),  which  lies  at  the 
edge  between  full  and  empty  states.  Thus,  a 
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WAVE- VECTOR  (  x  10®  m'1  ) 


Fig  2:  trace  of  the  distribution  function 
along  the  k,  axis  at  time  t-0:  density  -  10" 
cm'3  (solid  line)  ,  1018  cm'3  (dashed  line)  , 

3.1018  cm'3  (dotted  line).  The  vertical  line 
indicates  the  position  of  the  threshold  for 
polar  optical  phonon  emission. 


0.  10. 
WAVE -VECTOR  (  x  10*  m'1  ) 


Fig  3:  same  as  fig  2  at  time  3  ps. 
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larger  nuaber  of  electrons  undergo  optical 
scattering,  froa  the  outset.  This  reduces  the 
ballistic  phase  of  the  action  and  the  overshoot 
disappears.  Slailarly,  the  stationary 
distribution  (figure  3)  does  not  keep  any 
realnlscence  of  the  optical  threshold. 

At  the  highest  density  (case  3),  the 
chemical  potential  is  auch  higher  than  the 
threshold  energy  (figure  2)  the  iaportance  of 
which  has  coapletely  vanished:  the  qualitative 
behaviour  of  the  velocity  curve  (figure  1),  Is 
then  slailar  to  that  of  a  relaxation  tine 
model.  On  the  other  hand  the  (1-f)  terns  In 
expression  (2)  reduce  strongly  the  dagnitude  of 
the  interaction,  resulting  in  a  dramatic 
Increase  of  the  relaxation  tiae  and  of  the 
stationary  velocity.  The  distribution  function 
at  tiae  3  ps  is  displayed,  but  its  peaked 
structure  is  not  understood. 

In  the  last  case,  it  is  believable  that  the 
results  would  be  changed  by  the  Incorporation 
of  a  more  real  model  of  Impurity  scattering. 
However,  It  seems  that  this  would  not  affect 
our  qualitative  conclusions  and  furthermore, 
this  was  essentially  Intended  to  give  an 
example  of  the  capabilities  of  the  fcethod  in 
the  non-linear  cases.  An  Intervalley  scattering 
case  has  also  been  investigated  and  Is  detailed 
in  [4].  The  electron-electron  interaction  is 
currently  investigated. 

4.  CONCLUSION 

We  have  proposed  a  new  numerical  method, 
which  Is  coapleaentary  to  the  Monte-Carlo 
method  in  that  it  seems  to  be  more 


straightforwardly  extended  to  non-linear 
collision  operators.  Furthermore,  this  method 
enables  to  obtain  snapshots  of  the  distribution 
function  during  its  time  evolution,  which  could 
be  of  great  help  for  the  understanding  of 
physical  phenomena.  As  an  example,  we  have 
applied  it  to  the  analysis  of  polar  optical 
scattering  under  high  doping  conditions  and 
found  that  these  could  largely  affect  the 
behaviour  of  the  interaction. 
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Sputtered  TiW(15/85  wt.%)  has  been  investigated  as  a  diffusion  barrier  layer 
between  A1  and  Si  and  as  a  direct  contact  material  to  n+-and  p+-doped  silicon 
areas.  Rutherford  backscattering  spectroscopy  (RBS)  in  combination  with  reverse 
leakage  current  measurements  on  gated  diodes  were  used  to  investigate  the 
barrier  properties  of  the  deposited  Tit*  films.  Till  was  observed  to  prevent 
intermixing  between  A1  and  Si  up  to  450  °C.  Four  terminal  Kelvin  resistor 
structures,  implanted  with  different  doses  of  As  and  BF2,  ranging  from  1E1S 
cm-2  up  to  1E16  cm-2,  were  used  to  determine  the  respective  contact 
resistivity.  The  actual  surface  doping  concentration  was  determined  by 
spreading  resistance  profiling  (SRP> .  Contact  resistance  values  well  within  the 
acceptable  limit  for  VLSI  processing  were  achieved. 


1.  INTRODUCTION 

To  prevent  conteot  failure  of  shallow 
junctions  as  a  result  of  spiking  or  formation 
of  silicon  precipitates,  a  diffusion  barrier 
film,  positioned  between  the  aluminium 
interconnect  layer  and  the  silicon  contact, 
must  bo  added.  Among  the  barrier  systems 
investigated  TIN  [1]  and  TIN  [2]  have  achieved 
considerable  interest. 

Tin  has  been  extensively  used  in  bipolar 
technology  to  prevent  intermixing  between  the 
Al-interconnect  layer  and  PtSi  8 cbottky-c lamped 
contacts.  Recent  reports  (3,4]  have 
demonstrated  the  possible  use  of  Tin  both  as  a 
diffusion  barrier  layer  and  as  a  contact 
material  to  n+-  and  p+ -diffusions  in  advanced 
CMOS  processing.  However,  only  limited  amount 
of  information  is  presently  available  on  the 
contact  resistivity  of  Till.  Furthermore,  the 
published  data  exhibits  a  large  spread, 
possibly  due  to  the  various  methods  used  to 
define  the  contact  windows  [5} . 

experiments  were  therefore  performed  to 
study  the  influence  of  eurface  dopant 


concentration  on  the  contact  resistivity  of 
Tin.  A  parallel  investigation  of  the  diffusion 
barrier  properties  of  TiW  was  also  carried  out. 

2.  EXFERMENT AL  DETAILS 

The  experiments  in  this  study  were 
performed  on  both  p-  and  n-type  silicon  wafers, 
<100>  oriented  of  15-25  Ocm  resistivity.  The 
active  device  area  were  patterned  using 
conventional  LOCOS  technique.  The  n-type  wafers 
were  implanted  with  BF2  and  the  p-type  wafers 
were  implanted  with  arsenic.  The  implantation 
energy  was  50  KeV  for  both  arsenic  and  8*2-  The 
doses  used  were  1*15,  2*15,  5*15  and  ISIS  cm-2. 
Ion  implantation  was  performed  through  a  thin 
(2001)  screen  oxide.  The  arsenic  implantations 
were  annealed  at  1000  °C,  30  minutes,  in 
N2 -ambient  and  the  BF2  implantations  were 
nitrogen  annealed  at  925  °C,  40  minutes. 

A  phosphosilicate  glass  (FSS)  film, 
approximately  45001,  was  subsequently  deposited 
on  the  wafers,  to  serve  as  a  passivation. 

Contact  windows  were  opened  by  reactive  ion 
etching  (RIB)  in  a  mixture  of  08*3-02. 
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Before  metal  deposition  tha  wafers  war* 
subjected  to  a  standard  cleaning  proeaadura 
followed  by  a  abort  dip  in  dilutad  Hr.  Thraa 
different  sata  o f  samples  war#  praparad.  Tha 
first  group  eonalstad  of  3500A  of  Ai  covered 
with  a  top  layar  of  1100A  of  MoSix.  The 
composition  of  tha  MoSlx  film  was  datarminsd  by 
RB5  to  ba  MoSi^,).  Tha  MoSij _ j  top  barriar  was 
includa  to  serve  as  an  ateh  stop  and  hillock 
supraaaor  in  a  doubla  layar  metallisation 
concapt . 

In  tha  sacond  group,  approximately  1200A  of 
TIN  was  insartad  between  tha  Al/Hosi^  . 9 
sandwich  and  tha  silicon  to  aet  as  a  barriar 
layar.  Tha  trilayar  structure  was  deposited 
without  breaking  vacuum. 

The  third  group  was  similar  to  tha  sacond 
one  except  that  after  Tib  dapoaition  tha  wafers 
ware  taken  out  of  tha  sputtering  system  and 
submitted  to  an  oxygen  plasma  treatment  - 
Tiw(02) ,  at  1  Torr,  450  b  for  30  minutes,  after 
whioh  they  were  returned  to  the  sputtering 
system  for  the  Al/MoSii.g  sandwich  dapoaition. 
The  plasma  treatment  waa  done  in  order  to 
improve  the  barrier  properties  of  Tib. 
h  D.C.  magnetron  sputtering  system  was  used  tor 
metal  dapoaition.  The  substrate  temperature 
during  sputtering  waa  kept  at  300  °C.  The  hi 
films  were  deposited  from  a  hi  (It  Si,  0.3%  Cu) 
target.  The  noting  and  Tib  films  wars 
deposited  from  compound  targets  (Molig.i  and 
*i*  13/03  wt.  I) .  All  samples  wars  given  a 
thermal  sintering  treatment  at  400  °C  for  75 
minutes  in  hydrogen  prior  to  electrical 
evaluation. 

Kelvin  structures  were  used  to  measure  the 
contact  resistance  and  gated  diodes  (300x300 
pm)  were  used  to  measure  the  reverse  leakage 
current. 

Part  of  the  samples  were  iaochronieally 
annealed  for  30  minutes  at  temperatures  up  to 
330  °C  in  order  to  investigate  the  thermal 
stability  of  the  respective  metal  systems. 


3.  Results 

3.1  Coapositional  analysis 

The  deposition  parasteters  of  the  Tib 
barrier  layer  was  investigated  by  means  of 
Rutherford  backscattering  spectroscopy  (RBS) . 
This  analysis  was  perforated  on  a  Tandem  van  de 
Oraaf  aocelerator  operated  at  2.4  MeV, 
*He+-iona.  The  ion  current  was  in  the  20*40  nA 
range.  Figure  1  shows  the  titanium  content  in 
the  deposited  Tib  film  verus  pressure  and 
power.  It  is  readily  seen  that  the  tungsten 
content  in  as  deposited  films  increases  when 
the  pressure  is  reduced  as  a  result  of  less  gas 
phase  scattering  (6] . 
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The  weight  4  of  Ti  in  the  deposited  Tib  film 
vs.  argon  pressure  and  power. 

3.2  Thermal  atability 

The  thermal  stability  of  the  barrier 
structure  was  also  analysed  by  RBS .  The 
baekseattering  results  of  the  Al/Tib/sillcon 
structure  is  shown  in  figure  2a.  Three  spectra 
ace  displayed,  the  as  deposited  structure, 
after  annealing  at  4S0°C  and  47S°C  for  Ih 
respectively.  The  RBS  spectra  for  the 
as-deposited  and  the  450°C  samples  are  almost 
identical,  indicating  no  interreactions  at  all. 
Annealing  at  47S°C  leads  to  a  reaction  between 
Al  and  Tib,  as  can  be  seen  from  the  push 
forward  of  the  leading  edge  for  the  b  signal 
and  from  the  tail  of  the  trailing  edge  for  the 
Al  signal.  In  one  set  of  samples  the  Tib 

film  waa  subjected  to  an  Oj-plasma  treatment 
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Rutherford  backscattaring  spectra  showing  the 
metallisation  system  before  and  after 
heattreatmsnts.  The  upper  figure  displays  the 
results  for  the  Al/Tiw/silicon  system  and  the 
lower  figure  shows  the  Al/TilMOj) /silicon 
system. 

before  the  aluminium  deposition.  Figure  2b 
shows  the  RBS  results.  It  is  readily  seen  from 
these  spectra  that  such  a  barrier  layer  can 
withstand  significantly  higher  annealing 
temperatures  vis. up  to  550°C.  Only  a  minor  tail 
in  the  tungsten  signal  can  be  seen  after 
heattreatmant  at  S50°C,  indicating  a  small 
interreaction . 

Baokecat taring  results,  however,  only 
comprise  information  from  unpatterned 
structures.  Diodes  were  therfore  prepared  in 
order  to  electrically  evaluate  the  berrier 
properties  of  the  metallisation  scheme.  The 
reselts  from  reverse  leakage  current 
measurements  are  presented  in  figure  3  where 


the  relative  fraction  of  failing  diodes  are 
plotted  versus  annaaling  temperature.  A  diode 
is  considered  as  failed  if  the  reverse  current 
density  exceeds  0.2  pAcm-2. 

Three  structures  are  shown:  i)  Al/Si,  ii) 
Al/TiW/Si  and  lii)  Al/TlN  (<>2 )  /Si .  All 
structures  have  a  top  metallisation  layer  of 
MoSii '  9 .  For  the  Al/Tiw/sl  system  the  diode 
failure  population  starts  to  raise  at  annealing 
tenperatures  above  430  °C.  Mien  the  Tin  layer 
was  subjected  to  the  Oj-plasaa  treatment  a  very 
low  failure  rate  was  detected  even  for 
temperatures  up  to  S50  °C.  These  observations 
concur  well  with  the  RBS  measurements  (fig.2). 
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ANNEAUNQTOffEMTURE(C) 


FIGURE  3 

Failure  *  for  n+ -diodes  (SKIS  cm-2)  versus 
annealing  temperature. 

3.3  Contact  properties 

The  four  terminal  Kelvin  resistor  structure 
I  "7 1  was  used  to  extract  the 

metal-semiconductor  contact  resistance  Kg.  A 
DC-  parameter  analyser  was  used  to  force  a 
known  eurrent  through  the  contact  on  two 
opposite  pads  and  siamltaneously  record  the 
resultant  voltage  drop  between  the  remaining 
pads  orthogonal  to  the  current  path.  The 

specific  contaot  resistivity  (p0)  was  obtained 
by  multiplying  the  measured  contact  resistance 
Re,  with  the  known  contact  area.  A,  l.e. 

Po  m  *o-*  (1) 
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The  contact  reaiatanoe  ••  a  function  of 
contact  hole  also,  foe  a  fixed  doaa  of  SE1S 
ca"*,  as*  plotted  in  figure  4a  and  4b.  la 
expected,  oxygon  plasma  treated  TIN  contacta 
exhibltea  the  largect  reaiatance.  It  la  alao 
noted  that  aluminlOm,  aa  a  contact  eaterial  to 
p+  allicon  aurpaaaea  ordinary  TIN  vhereaa  the 
reverse  holda  for  eontaota  nade  to  n+  doped 
areaa. 


rrooM  4 

Contact  reaiatance  aa  a  function  of  contact 
hole  alee.  The  figure  shows  the  reaulta  for 
araenlo  (upper  fig.)  and  IT]  (loner  fig.) 
iaplantatiooe . 

The  reelataaoe  la  observed  to  Inereaae  leaa 
drama t lea ly  than  predieted  by  the  aeellng 
theory  ia  agreamant  with  the  flndinga  of  Cohan 
at  el.  (II .  The  deviation  free  a  atrletly  area 
dependent  contact  raaiataaoe  value  la  largeat 
for  Al-contaota  to  p*  allioon.  Thla  could 


poaaibly  be  the  reault  of  an  area  lnoreaae  due 
to  aluadnium  pitting  (9)  upon  anneal  aa  the  TIN 
eontaot  reaiatance  reveala  a  larger  dependence 
on  contact  alse. 

To  inveatlgate  the  influence  of  dopant 
concentration  on  the  contact  reaiatance,  Kelvin 
patterna  were  implanted  with  varioua  doaea 
ranging  from  1K1S  cm**2  up  to  1E14  cat The 
active  aurface  concentration,  aubaequent  to 
thermal  activation,  waa  eetimated  by  apreading 
reaiatance  profiling  (NT) .  The  reaulta  are 
recapitulated  in  table  1  together  with  SUFREM 
a inula t ion  data. 
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99 
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3.HI9 

59 
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IE  16 
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4.5EI9 

21 

I.0E20 

2 _ 

TABLE  1 

Sheet  roaiativity  and  aurfaee  concentration 
verua  doae.  Meaaured  and  aimulated  uaing 
SUP REM. 

Baaed  on  tunnling  theory  (10,11),  the 
apaoifio  oontaet  reaiativity  p0  oan  be 
expreaaed  aa 

pc-  A-expCB-V^o*  »» 

where  A  and  B  are  different  oonatanta, 
denotea  the  metal-aemlconductor  barrier  height 
and  C0  denotea  the  active  aurface 
concentration. 

In  figure  Sa  and  Sb  the  recorded  data  of 
lo((pe)  ia  plotted  veraue  1/Vc0  for  two 
different  eontaot  alaea.  The  preaented  valuer 
cloeely  reaeablea  a  atraight  line  aa  predicted 
by  the  equation  (2)  above. 


1//CO  *  IE-10 


I//CO  x  IE-10 
noun  s 

The  contact  resistivity  ia  plotted  vs.  1/Vc0 
Cos  different  contact  aceaa.  The  upper  diagram 
•hows  the  reaulte  for  areenlo  Implantation 
Mheseae  the  lower  diagram  shorn  the  reeulta  for 
the  ITj  lmplantat lone . 

4.  COHCLUDIHO  MBfhhXt 

for  a  given  contact  resistivity  the  ratio 
of  the  contact  realatanee  to  the  Intrinsic 
reaietanoe  of  an  m  Increases  quedratloaly  If 
coaetant  field  scaling  is  applied  (12]. 

In  order  to  keep  the  contribution  from  the 
contact  resistances  below  1%  ef  the  channel 
resistance  for  a  1  pm  technology,  Chan  sad 
Reneeh  (12)  have  shewn  that  a  contact 


resistivity  to  n+  silicon  below  8E-7  would  be 
necessary. 

A  slightly  higher  value  of  the  contact 
resistivity  to  p+  areas  is  acceptable  because 
of  the  lower  transconduetanca  of  p  channel 
devicea . 

The  presented  resistivity  data  clearly 
indicates  that  Tin  can  be  used  as  a  direct 
contact  material  to  n+  silicon  at  and  above  the 
one  micron  level  where  the  resistivity  of 
aluminium  contacts  would  be  too  high.  However 
it  might  be  necessary  to  Improve  the  contact 
between  p+  silicon  and  TiW,  e.g.  use  rapid 
thermal  processing  tor  activation  of  boron  in 
combination  with  an  improved  contact  etoh 
proceedure  (SI . 
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The  direct  reaction  between  N  or  Ti  and  silicon,  to  fora  tungsten  silicide  and 
titaniua  silicide  is  studied  for  both  uniaplanted  and  arsenic  iaplanted  silicon 
substrates.  For  M  on  iaplanted  substrates,  the  silicide  growth  rate  decreases 
drastically,  being  dependent  on  the  iaplantation  dose  and  energy.  The  dopant 
effect  can  be  explained  by  the  foraation  of  a  dopant  rich  phase  at  the 
silicide/silicon  interface.  For  Ti,  the  dopant  effect  is  auch  less  pronounced, 
slowing  down  the  rate  of  foraation  of  the  silicon  rich  phase  TiSi2.  A  clear 
arsenic  pile  up  at  the  silicide-silicon  interface  is  not  observed.  The 
diffusion  barrier  is  distributed  in  the  whole  silicide  layer. 


INTRODUCTION 

The  direct  reaction  between  refractory 
aetala  and  silicon  to  fora  a  silicide  is 
becoalng  an  iaportant  step  in  the  preparation  of 
self  aligned  contacts  for  VLSI  tachnology.  As 
the  ailicidation  is  generally  realized  over 
highly  doped  silicon  regions  (source  and  drain 
in  HOS  transistors),  it  is  necessary  to 
precisely  control  the  behaviour  and  the  role  of 
the  iapurities  during  the  heat  treataents. 
Specially,  the  influence  of  dopants  on  the 
silicidation  aechaniaa  and  on  the  reaction 
kinetics  is  of  prlae  interest  as  they  can  aodlfy 
the  silicon  diffusion  through  the  already  foraed 
silicide  layer  and  strongly  delay  or  even  block 
the  reaction  between  the  aetal  and  the  silicon. 
In  addition,  redistribution  effects  aay  lead  to 
dopant  losses  and  changes  in  the  junctions 
properties. 

As  the  behevlour  of  a  refractory 
aatal-silicon  systea  will  depend  on  the  nature 
of  the  aetal,  we  have  investigated  in  this  paper 
the  growth  of  tltk <lue  and  tungsten  disillcides 
in  presence  of  iaplanted  arsenic  in  order  to 
have  e  coaparison  of  these  two  structures  in 
teres  of  silicidation  kinetics  and  arsanic 
redistribution.  Due  to  their  quite  different 
behevlour  with  respect  to  oxygen,  titaniua  and 


tungsten  represent  two  extrea  cases  for  the 
reaction  of  a  refractory  aetal  with  silicon. 
Nevertheless  they  are  both  proaising  candidates 
for  salicide  applications  so  that  a 
coaprehensive  knowledge  of  the  nature  of  their 
reaction  with  undoped  and  highly  doped  silicon 
will  be  necessary  to  achieve  reproducible  and 
controled  properties  (silicide  phase  obtained, 
thickness,  sheet  resistance...)  during  the 
foraation  of  contacts  in  i  process  at  the 
aicroaeter  scale. 

The  W/Sl  reaction 

A  reference  saaple  was  prepared  by 
sputtering  1000  A°  of  tungsten  on  an  uniaplanted 
aonocrystalline  silicon  substrate.  For  a  first 
group  of  saaples,  the  silicon  substrste  has 
been  arsenic  iaplanted  at  180  kev  using  three 
doses  prior  to  a  400  A*  M  layer  deposition 
(table  I).  The  iaplantation  energy  was  choosen 
to  localise  the  arsenic  peak  at  the  final 
silicide/silicon  interface  position  when 
coaplete  WSi2  foraation  is  achieved.  For  a 
second  group  of  saaples,  a  400  A*  thick  N  layer 
was  deposited  on  silicon  substrates  iaplanted  at 
thee  different  energies,  the  Iaplantation  depths 
decreasing  froa  the  preceeding  value  down  to  a 
very  shallow  iaplantation.  The  saaples  were 
furnace  annealed  a  99,99*  pure  Argon  flow  at 
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temperatures  ranging  under  from  600 °C  up  to 


TABLE  I 


Implantation  conditiona  and  annealing  raaults  in 
the  H/Si  ay a tee. 

For  the  reference  aaeplef  the  diailicide 
formation  is  already  observed  at  600°C  and  after 
one  hour  annealing  at  675°C,  the  reaction  is 
nearly  complete.  The  temperature  and  time  needed 
to  obtain  a  complete  reaction  between  N  and 
arsenic  implanted  ailicon  substrates  are 
considerably  greater.  For  the  group  I  samples, 
at  a  annealing  tamper atur a  of  900°C,  the  amount 
of  silicide  farmed  for  one  hour  decreaaes  with 
increaaing  As  doses.  On  the  other  hand  for  the 
group  II  samples  the  silicide  amount  formed 
after  annealing  at  850°C  for  two  hours  decrsases 
whan  decreasing  the  implantation  depth.  RBS  and 
SIMS  analysis  performed  on  group  II  samples  (Fig 
I)  indicate  a  high  level  of  As  segregation  into 
the  Si  substrate  with  a  clear  dopant 
accumulation  at  the  growing  sllicide/silicon 
interface  (snow-plow  affect). 


*i 


» 
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FIGURE  1 

SIMS  profiles  of  Si02/W/5E15  ion/cm2  arsenic 
doped  Si  substrate  structures  (Rp=79nm) 
a)  unannealed  ;  b)  annealing  at  900°C  for  one 
hour  ;  c)  annealing  at  1000°C  for  one  hour. 

The  greater  is  the  arsenic  dose  initially 
located  in  the  silicon  consumed  during  the 
silicide  formation,  the  greater  is  the  arsenic 
accumulated  at  the  silicide/silicon  interface. 
The  X-ray  diffraction  spectra  of  the  sample 
implanted  with  the  highest  dose  show  additional 
peaks  corresponding  to  the  #2  Asj  phase. 

Ti/Sl  reaction 

Arsenic  doaes  of  2E  IS  ion/cm2  and  1  E  16 
ion/cm2  have  been  implanted  into  silicon  prior 
to  titanium  deposition.  Titanium  layers  up  to 
lOOnm  thick  have  been  e-beam  evaporated  under 
vacuum.  In  order  to  reduce  oxygen  incorporation 
during  the  deposition  process,  the  substrates 
were  held  at  350°C.  Annealing  was  then  performed 
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at  700°C  and  7S0*C  for  1  to  50  aaconds  in  a 
tight  rapid  tharaal  annealer  (HEATPULSE  410) 
under  argon  aabiant  to  avoid  any  titaniua 
contaaination  by  oxygan  dur ing  the  heat 
treatment.  The  growth  kinetics  of  the  silicide 
and  the  araenic  redistribution  have  been 
inveatigated  by  RBS  and  SIMS  as  a  function  of 
the  annealing  conditions. 


<•>  <u 


u> 


flGURE  2 

SIMS  profiles  recorded  for  2  E15/ca2  arsenic 
atoas  at  40  keV  introduced  into  silicon  before 
Ti  deposition. 

a)  unannealed  ;  b)  annealing  at  700°C  for  3 
seconds  ;  c)  annealing  at  700°C  for  36  seconds. 

As  shown  in  Fig  2,  for  a  shallow 
iaplantation  into  silicon,  arsenic  incorporated 
in  the  growing  silicide,  redistributes  very 
quickly  through  this  layer.  At  the  end  of  the 
reaction,  the  arsenic  is  found  uniforaly 
distributed  into  the  silicide,  this  result  being 
independent  of  the  initial  position  of  the 
arsenic  iaplantation  provided  it  is  shallower 


than  the  final  silicide/silicon  interface 
position.  At  the  saae  tiae  the  silicidation 
kinetics  is  soaewhat  slowed  down  (Fig  3).  This 
effect  increases  with  the  arsenic  dose  and 
decreases  with  the  annealing  teaperature. 
However,  in  contreat  to  what  can  be  observed  for 
the  H-Si  systea,  the  reaction  between  Ti  and  Si 
is  not  hindered  but  the  rate  of  foraation  of  the 
silicon  rich  phase  T1S12,  is  noticeably 
reduced,  especially  for  the  highest  arsenic 
dose.  As  a  result,  the  tiae  needed  to  coapletely 
transfora  the  titaniua  into  TiSij  for  the 
highest  iaplanted  substrates,  is  actually  nuch 
larger  than  for  iaplanted  saaples.  Fig  3  shows 
that  at  700°C,  this  tiae  increases  froa  about 
12  to  40  seconds  for  a  2E15  ion/ca2  dose. 
Furtheraore  for  the  1E16  ion/ca2  dose,  the 
reaction  is  not  coaplete  within  such  an 
annealing  duration  and  both  TiS^  and  a  aetal 
rich  silicide,  probably  TiSi  still  reaain. 
Obviously,  as  the  lowest  sheet  resistance  values 
can  only  be  obtained  with  the  disilicide  phase, 
the  presence  of  large  concentrations  of  arsenic 
delays  the  achieveaent  of  convenient  electrical 
properties,  although  they  do  not  actually  iapede 
the  reaction. 


Kinetics  of  silicidation  by  Ti/Si  reaction  as  a 
function  of  arsenic  dose  iaplanted  in  Si.  Arrows 
indicate  the  final  silicide  phases  observed. 

Discussion 

As  shown  by  the  experiaental  results, 
arsenic  iaplantation  in  the  silicon  substrate 
drastically  influences  the  W  and  Ti  silicide 
foraation,  slowing  down  the  silicide  growth 
kinetics  or  even  blocking  it.  During  M  silicide 
growing,  as  the  silicon  atoas  leave  the 
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silicon/tilicide  interface  to  diffuse  through 
the  foreed  siiicide  iayer  end  rest  with  aatal 
atom  at  the  mtai/silicide  interface,  the 
iapurity  is  left  behind  and  accueulatea  at  the 
silicide/silicon  interface.  Above  a  critical 
arsenic  level  accumulated  at  this  interface,  the 
formation  of  the  W2As3  arsenide  compound  can 
take  place.  Silicon  diffusion  is  blocked  thus 
also  siiicide  formation.  The  siiicide  growth  can 
be  stopped  uniformly  leaving  an  homogeneous 
unreated  M  film,  or  the  reaction  can  proceed 
only  at  a  few  points  through  the  diffusion 
barrier,  likely  M2As3,  built  up  at  the 
silicide/silicon  interface  leading  to  a  lateraly 
uniform  metal  layer  [1].  In  an  intent  to 
overcome  the  barrier  effect,  samples  of  group  II 
and  III  were  annealed  et  temperatures  higher 
than  900°C.  In  this  case,  large  stresses  develop 
probably  at  the  N/MSi2  boundaries  [2]  leading, 
in  several  cases,  to  non  adherent  layers. 

The  dopant  segregation  clearly  observed  in 
the  M/Si  reaction  which  produces  an  As  pile-up 
acting  as  a  diffusion  barrier  at  the 
silicide/silicon  interface,  is  believed  to  occur 
also  for  the  Ti/Si  case  [3],  R.B.S  observations 
of  such  arsenic  segregation  between  TiSi2  and  Si 
have  been  recently  reported  [4].  However,  the 
SIHS  results  we  have  obtained  do  not  show  that 
such  accumulation  is  very  important.  In 
addition,  as  the  dopant  effects  are  much  less 
pronounced  for  Ti/Si  than  for  M/Si,  it  can  be 
supposed  that  the  process  leading  to  a  reduction 
of  the  TlSi2  growth  kinetics  may  be  different 
from  the  M/Si  case.  Then,  in  agreement  with 
recent  results  [S],  it  seem  more  reasonable  to 
assume  that  the  delay  in  titanium  siiicide 
growth  is  related  to  the  presence  of  the 
impurity  in  the  siiicide  layer  rather  than  at 
the  interface.  An  arsenic-titanium  compound 
distributed  in  the  siiicide,  at  the  grain 
boundaries,  will  not  stop  the  reaction  but  only 
slows  it  by  blocking  easy  diffusion  paths  snd 
reducing  silicon  transport  toward  the  unreacted 
titanium.  To  check  this  assumption,  arsenic  has 
been  implanted  into  Ti  instead  of  into  Si,  and 
the  samples  have  been  annealed  at  700°C  and 


750*C  for  1  to  SO  seconds.  The  siiicide  growth 
kinetics  results  are  similar  to  those  obteined 
with  As  implanted  in  silicon.  In  contrast,  when 
As  is  iaplanted  into  M,  the  reaction  between  M 
and  Si  occurs  without  any  blockage  and  the 
siiicide  growth  kinetics  is  quite  similar  to 
those  obtained  with  the  non  lmplented  reference 
sample. 

Conclusion 

It  has  been  shown  that  arsenic  has  a  great 
influence  on  the  reaction  between  M  and  Ti  with 
silicon  to  form  the  disilicide.  In  the  case  of 
N,  the  siiicide  growth  is  drastically  slown  down 
or  even  blocked.  Similar  trends  have  been  found 
for  Ti.  It  seems  however  that  the  diffusion 
barrier  which  prevents  the  siiicide  formation  is 
less  effective.  The  results  have  been  explained 
by  assuming  that  in  the  Ti  case,  the  diffusion 
barrier  is  delocalised  and  distributed  in  the 
whole  siiicide  layer  whereas  in  the  W  case,  a 
discrete  dopant  rich  blocking  layer  is  formed  at 
the  silicon/silicide  interface. 
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ABSTRACT 

Tungsten,  deposited  in  a  hot  wall  LPCVD  furnace,  was  used  to  fill  vias  and  contact  holes. 
Starting  from  a  planarized  silicondioxide  surface,  vias  and  contact  holes  were  opened  by  RIG  to 
the  first  metallayer.  Prior  to  tungsten  deposition,  a  layer  of  500A  TiW  was  sputter-deposited 
onto  the  wafers.  The  thickness  of  LPCVD  tungsten  was  chosen  to  result  in  a  planar  surface  with 
all  the  vias  filled.  In  the  next  step  tungsten  and  TiW  were  backetched,  using  a  mixture  of 
CF4/O2,  thus  reestablishing  the  planarized  silicondioxide  surface  with  all  the  vias  and  contacts 
filled  with  tungsten. Electrical  measurements  comfirmed  good,  uniform  contacts  with  low 
specific  contact  resistance.  The  results  were  successfully  implemented  in  a  commercially 
available  CMOS  process. 


INTRODUCTION  polymerization  products  from  the  RIE  step,  500  A  of  TiW 

film  containing  approximately  20  at.%  of  Ti,  according  to 
Several  methods  have  been  proposed  to  overcome  the  RBS  measurements,  was  sputtered  deposited, 
metal  step  coverage  problem  in  multilayer  metallization 

systems!  1,2,3].  For  vertically  etched  vias  and  contacts  of  The  commercial  available  CVD  system,  TEMPRESS, 

varying  depth,  CVD  processes  are  superior  to  other  consists  of  a  three  zone  horizontal  furnace  with  a  quartz 

deposition  methods  because  they  give  conformal  coating  tube  125  mm  wide,  2100  mm  long.  The  wafers  are 

and  allow  batch  processing.  Recently,  interest  has  been  oriented  parallel  to  the  gas  flow.  All  gases  are  admitted 

focussed  on  CVD  tungsten[3],  which  despite  of  its  through  massflow  controllers.  The  system  is  pumped  by  a 

relatively  high  resistivity,  finds  an  increasing  number  of  Roots  blower  package  equipped  with  closed  loop 

applications^].  controlled  nitrogen  injection  for  pressure  control. 


In  this  paper  we  describe  a  hot  wall  CVD  tungsten 
process  to  fill  via  holes  and  contact  windows,  which  in 
combination  with  a  backetch  procedure  leads  to  an 
isoplanar  surface,  thus  facilitating  the  subsequent 
aluminium  metallization. 


EXPERIMENTAL 

After  deposition,  the  tungsten  and  TiW  layers  were 
Vias  and  contact  holes  with  a  diameter  of  1.5  pm  were  backetched  with  CF^O,  in  a  RIE  reactor  operated  at  13.56 
opened  with  RIE  on  a  planarized  wafer  down  to  the  first 

Mhz  using  a  laser  endpoint  detector. 

metal  layer  consisting  of  MoSix/Al.  After  standard 
chemical  cleaning  and  an  ozone  treatment] 5]  to  remove  any 


Tungsten  of  the  desired  thickness  was  deposited  by  the 
reaction:  WFg  +  H2  — >  W  +  6HF  with  argon  gas  as 
dilutant.  The  actual  parameters  were: 

WF6: 10  seem  H2: 300  seem  Ar:  490  seem 
Temperature:  350  °C  Pressure:  350  mtorr 
Deposition  rate:  120  A/min. 
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To  establish  die  performance  of  our  CVD  system,  the 
dependence  of  the  tungsten  deposition  rate  on  temperature 
to  the  WF6-H2-Ar  system  was  examined  using 
single-crystal  p-type  wafers  (16-24  Qcm)  as  substrates. 

RESULTS  AND  DISCUSSIONS 

It  is  known  dial  the  reaction  between  WFg  and  silicon 
substrate  is  a  very  fast  process  in  kinetics  and, 
thermodynamically,  there  is  a  significant  free  energy 
change  to  the  reaction  of  2WF6  +  3Si  ->  2W  +  3SiF4[6]. 
In  addition,  the  thickness  of  the  self-limited  tungsten  layer 
depends  on  the  deposition  temperature[7]- 

In  order  to  eliminate  the  influence  of  the  reduction  of 
WF6  by  die  silicon  substrates  on  the  deposition  rate,  a 
continuous  two  step  deposition  process  was  used. 

In  tiie  first  step  only  Ar  and  WF6  were  admitted  using  the 

reduction  between  Si  and  WF6  to  tom  a  self-limited  layer 
of  tungsten  on  the  substrate.  The  parameters  of  this  first 
step,  i.e.,  temperature,  WF6  partial  pressure,  total  gas  flow 
rate  and  substrate  pretreatment  were  kept  constant  in  all  the 
subsequent  deposition  rate  studies  to  supply  a  tungsten 
layer  of  constant  thickness  prior  to  the  deposition  of 
tungsten  via  hydrogen  reduction  in  the  second  step  with 
argon  as  dilutant  gas.  Temperature  was  the  only  parameter 
varied  from  run  to  run.  WF6  and  Hj  partial  pressures, 
total  gas  flow  and  pressure  were  kept  constant. 

The  curve  fitting  method  was  employed  to  deal  with  the 
total  thickness  of  the  tungsten  from  four-point  probe 
measurements.  During  the  curve  fitting  process,  a  tungsten 
layer  of  constant  thickness  A,  obtained  in  the  first 
deposition  step,  was  substracted  from  the  total  thickness. 
If  the  reported  activation  energy  of  0.71  eV/atom[8]  is 
used,  the  resulting  thickness  to  A  is  126  A,  which  is  in 
good  agreement  with  the  reported  value  of  130  A[8]  to 
self-limiting  tungsten  films  fanned  by  silicon  reduction  of 
WF6and  RBS  measurements.  Our  results  confirm  that 

tungsten  deposition  in  a  WFg-HyAr  system  is  controlled 


by  a  surface  reaction.  The  deposition  rate  as  a  function  of 
temperature  can  be  expressed  by  Arrhenius'  Equation,  r  = 
A  ■  e"^*7,  on  which  the  curve  fitting  procedure  was 
based.  On  evaluation  we  obtained  E  =  0.71  eV/atom  and 
A  *  3.6  xlO7  A/min  (Fig.  1). 


on  Temperature 

We  also  tried  to  fill  vias  on  wafers  which  did  not  receive 
the  extra  coating  of  sputtered  TiW  by  selective  tungsten 
deposition,  using  the  above  given  parameters.  For 
deposited  films  thicker  than  4000  -  5000  A,  we  noticed  that 
selectivity  was  lost.  Further,  selective  tungsten  growth  is 
inhibited  by  even  very  thin  silicondioxide  layers[9], 
resulting  in  a  very  unreliable  process  considering  the  large 
number  and  die  varying  depth  of  the  vias  to  be  filled.  The 
deposition  of  a  thin  layer  of  TiW  after  sputteretching  the 
vias  will  break  up  any  thin  silicondioxide  layer  that  might 
be  left,  assuring  good  contact  of  the  CVD  tungsten  to  the 
underlying  metal  layer.  No  voids  were  observed  when 
using  this  technique  to  fill  die  vias.  Fig.  2  shows  a  1.5  pm 
filled  via  after  tungsten  deposition. 


Fig.2  1.2  pm  W  deposited  in  a  0.8  pm  deep  via  hole  of 
1.5  pm  in  diameter. 
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To  reduce  surface  roughness  effect*  during  the  backetch 
step,  positive  photoresist  (AZ 1450  J)  was  spun  onto  the 
wafers  and  hardbakod  (210  °C  30  min.)  before  etching. 
Reactive  ion  etching  in  CF^/02  plasma  was  utilized  to 
backetch  the  resist/rungsten/riW  layer  on  the  oxide 
suffice.  In  Fig.3,  the  etchrate  dependence  of  W, 
photoresist  and  SiO^  on  the  percentage  of  oxygen  in  the 
gas  mixture  is  shown.  The  endpoint  was  determined  by  the 
optical  reflection  method  using  a  He-Ne  laser.  The  output 
signal  from  the  laser  endpoint  detector  is  shown  in  Fig.  4. 
Due  to  the  slow  e^hrate  of  the  underlaying  material  (SiC^), 
the  endpoint  is  very  sharp.  This  method  requires  a  rather 
well  planarized  oxide  surface  to  avoid  strings  of  W/TiW 
being  left  which  could  cause  shorts.  Figs.  5  and  6  illustrate 
backetched  via  holes  ready  for  the  second  level 

mrtullintinn 


Fig.5  Backetched  tungsten  plug. 


Fig.6  As  Fig.5,  seen  from  above. 


Fig-3  Reactive  ion  etch  rates  of  W,  AZ  photoresist  and 
SiOj  as  a  function  of  the  percentage  of  02  in  CF^/02. 
Pressure:  120  mtorr,  R.F.  power(13.56  MHz):  0.6  W/cm2 


Fig.4  Backetch  endpoint  detection. 


Electrical  measurements  using  six-terminal  Kelvin 
structures[10]  showed  uniform  specific  contact  resistances 
of  1.3X10-8  -  2.3x10^  Qcm2. 

The  tungsten  filled  vias  were  tested  in  a  commercially 
available  multilayer  CMOS  process.  Wafers  with 
TiW/tungsten  filled  vias  were  compared  with  wafers  using 
no  via-filling  and  standard  Al(Si)  as  second  metallization 
layer.  Electrical  measurements  gave  low  and  reproducible 
contact  resistance  .  Possible  problems  introduced  by  the 
backetch  procedure,  such  as  bridging  in  the  second 
metallization  layer  due  to  unetched  TiW/tungsten  or 
interlayer  isolation  damage,  did  not  occur. 
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CONCLUSION 

We  kne  shown  that  "selective"  blanket  deposition  of 
CVD  oa  sputtered  TiW  films  with  — interned 

selectivity  against  furnace  tube  sad  boat  cea  be  used  to 
teliebiy  ftfl  vies  fee  muifllayx  mmlHraiion  systems, 
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Processes  for  the  production  of  reliable  aluminium  contacts  to  llQnH 
junctions  sre  described.  In  the  case  of  P+-N  junctions  the  temperature-time 
cycles  have  been  reduced  to  minimise  redistribution  of  the  boron 
Ugmrities.  A  plasma  enhanced  rapid  thermal  processor  has  been  employed. 


1.  INTRODUCTION 

Ultra  Large  Scale  Integration  requires  very 
shallow  junctions  of  the  order  of  lOOnM. 
These  are  readily  achieved  with  ion 
implantation  for  arsenic  N+  junctions,  but 
boron  P+  junctions  are  more  difficult.  The 
low  energies  required  for  boron  implantation 
leads  to  considerable  ion-channelling  and  the 
profile  tail  can  contribute  significantly  to 
the  junction  depth.  Implanting  through  a 
metal  layer  or  using  molecular  BP 2  implants 
with  or  without  preamorphizing  the  silicon  are 
possible  alternatives.  However,  it  is 
difficult  to  achieve  an  activation  anneal 
sufficient  to  provide  good  reverse  bias 
characteristics  without  increasing  the 
junction  depth.  As  the  junction  depth  is 
reduced  this  problem  is  exacerbated  and  at 
depths  of  lOOnM  the  reverse  bias  leakage  is  as 
high  as  10"7A.cm“2  111. 

Alternatives  to  ion  implantation  for 
shallow  junction  formation  are  presently  being 
persued  (21.  A  laser  doping  technique  has 
been  used  to  obtain  a  value  of  47nA.cm~2  at 
lOv  for  a  lOOnH  junction  with  a  peak  boron 
concentration  of  2  x  102^cm~2  and  a  sheet 
resistance  of  ISOohms/square.  The  rapid 
thermal  diffusion  of  boron  from  an  oxide 
source  has  also  shown  considerable  improvement 
in  reverse  bias  characteristics  of  shallow 
junctions,  without  compromising  surface 
concentration  or  sheet  resistance  (31. 


Having  obtained  the  ultra  shallow  junctions 
it  is  necessary  to  provide  them  with  stable, 
reliable  contacts.  This  is  a  major  problem 
since  aluminium  reacts  with  and  interdiff uses 
into  the  silicon  substrate  in  the  contact 
window.  Therefore  if  aluminium  is  to  be  used 
for  the  metal  interconnect  a  second  metal  that 
acts  as  a  diffusion  barrier  must  be  sandwiched 
between  the  aluminium  and  the  silicon. 

Self-aligning  titanium  disilicide  to  the 
shallow  junctions  helps  to  reduce  interconnect 
and  contact  resistances.  Titanium  disilicide 
however  does  not  act  as  a  diffusion  barrier  to 
silicon  and  aluminium  and  hence  there  is  still 
a  need  for  a  barrier  metal.  Of  the  barrier 
metals  proposed  in  the  literature  titanium 
nitride  appears  to  be  the  most  compatible  for 
use  with  a  titanium  disilicide  layer  since  the 
titanium  disilicide  surface  can  be  converted 
to  TIN  by  a  high  temperature  anneal  in  a 
nitrogen  ambient. 

This  paper  will  describe  various 
technologies  for  providing  reliable  stable 
contacts  to  silicided  shallow  junctions.  The 
shallow  junctions  were  produced  by  the  furnace 
diffusion  of  arsenic  from  a  spin  on  source  for 
the  N*  junctions  and  by  the  rapid  thermal 
diffusion  of  boron  again  from  a  spin  on  source 
for  the  P+  junctions. 

2.  DEVICE  STRUCTURE 

Three  photographic  masks  were  used  in  the 
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Manufacture  of  the  diode  stcucturee.  The 
designs  included  e  circular  geometry  device, 
and  five  rectangular  devices  with  different 
perineter  lengths.  All  these  structures  had 
approximately  the  sane  junction  area  of  1.8  x 
10~*ca2.  The  aluniniua  over  the  contact 
windows  was  smaller  than  the  diffused  area  to 
avoid  any  field  plate  effects  during  reverse 
bias  leakage  neasurenents.  The  incorporation 
of  these  test  structures  on  the  aask  set 
pernits  Measurement  of  the  contributions  to 
current  flow  due  to  area,  perineter  and 
corners.  An  array  structure  with  30  tines  the 
area  and  a  perineter  length  of  4.8cns  is  also 
included  to  check  the  parameter  values  deduced. 

3.  SAMPLE  PREPARATION 

3.1.  shallow  boron  junctions 

These  devices  were  fabricated  on  n  type 
silicon  wafers  of  < 100  >  orientation  and  a 
dopant  density  of  0.8  -  1.0  x  1035CB-3 
phosphorus  atons.  Prior  to  oxidation  these 
wafers  were  mechanically  back  damaged  to  aid 
in  relieving  the  point  defects  and  structure 
inperfections  by  acting  as  a  sink  for 
self-interstitials  and  metallic  impurities. 
This  ensures  a  high  carrier  lifetime  in  the 
bulk  silicon  and  hence  minimises  reverse  bias 
leakage  currents. 

The  field  oxide  was  grown  in  two  stages. 
The  initial  oxide  was  grown  at  a  temperature 
of  1050C  for  90  minutes  in  a  dry  oxygen  and 
trichloroethylene  anbient.  This  step  was  used 
to  minimise  the  sodium  content  in  the  oxide 
and  the  redistribution  of  phosphorus  in  the 
silicon  substrate.  The  oxide  was  removed  from 
the  back  of  the  wafer  and  a  phosphorus  source 
diffusion  carried  out  for  IS  minutes  at  1000C 
from  a  solid  phosphorus  source.  This  back 
diffused  layer  also  helps  to  getter  out 
Impurities  and  provides  for  a  good  back 
contact.  The  field  oxide  thickness  is 
increased  by  a  wet  oxidation  step  at  1000C  to 
0.3pm. 

■mulsitone  sorofilm  100  solution  was  used 


as  the  spin  on  source.  After  curing  the  boron 
was  driven  in  by  heating  the  silicon  wafer  in 
a  nitrogen  ambient  to  a  temperature  of  1000C 
for  3  minutes  with  incoherent  light. 
Subsequent  processing  was  standard.  A  typical 
profile  for  the  boron  junction  is  shown  in 
Figure  1, 


I 
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FIGURE  1 

The  dopant  distribution  for  both  the  Arsenic 
and  Boron  shallow  junctions. 


3.2  Shallow  arsenic  junctions 

These  devices  were  fabricated  on  p  type 
silicon  wafers  of<100>  orientation  and  a 
dopant  density  of  1016cm"3  boron  atoms.  The 
wafers  were  subjected  to  the  same  back 
damaging  and  gettering  schedule  described  for 
the  boron  junctions.  The  process  was  modified 
to  permit  field  threshold  voltage  adjustment. 
The  LOCOS  process  was  therefore  employed  and  a 
spin  on  dopant  layer,  with  boron  concentration 
of  1019cm-3,  was  used  to  enhance  the  substrate 
doping  in  the  field  regions.  The  oxidation 
process,  again  undertaken  in  two  stages 
yielded  an  oxide  thickness  of  0.7pm  and  a 
field  threshold  voltage  of  20v. 

Bmulsitone  Arsenic  Film  3739N  was  used  as 
the  source  of  Arsenic  for  the  N+-P  junction. 
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The  arsenic  was  driven  in  for  8  minutea  at 
1000C  by  standard  furnace  diffusion  and  the 
processing  ms  standard.  A  typical  profile 
for  the  Arsenic  junction  is  also  included  in 
Figure  1. 

4.  LOW  LEAKAGE  JUNCTIONS 

Typical  leakage  current  density  in  the 
range  1-4  x  10'9A.c*~2  at  a  3  volt  reverse 
bias  was  measured  for  the  test  structures. 
Separating  the  current  components  into  area, 
perimeter  and  corners  the  best  fit  perameters 
were  103pA.cm~2  for  junction  area,  l.SpA.cm'1 
for  junction  perimeter  and  a  negligible 
contribution  due  to  each  corner.  A 
discontinuity  in  current  characteristics  was 
observed  in  some  diodes  at  bias  voltages 
around  3.5v,  possibly  due  to  local  generation 
sites. 

At  3v  reverse  bias  the  depletion  layer 
width  in  the  substrate  is  2.14m.  Assuming  the 
bulk  generation  current  is  dominated  by  the 
depletion  region  then  the  lifetime  in  the  bulk 
silicon  is  2.4msec.  From  the  perimeter 
contribution  to  current  flow  the  surface 
recombination  velocity  S0  is  12cm. sec'1.  Low 
leakage  properties  have  also  been  observed  for 
the  shallow  arsenic  junctions.  Typical 
current  densities  at  a  reverse  bias  of  3v  were 
of  the  order  5  x  10”®A.cm"2. 

5.  TITANIUM  DISILICIOB 

The  titanium  diailicide  layers  employed  in 
this  work  were  produced  by  the  sputter 
deposition  of  titanium  and  a  two  stage 
silicide  formation  process  in  a  low  pressure 
rapid  thermal  processing  chamber.  For  the 
lOOnM  junctions  employed  a  practical 
limitation  on  silicide  thickness  exists.  The 
influence  of  silicide  thickness  on  reverse 
bias  leakage  current  density  for  the  shallow 
boron  junctions  is  shown  in  Figure  2.  For 
thicknesses  up  to  approximately  40nM  there  is 
little  dependence  of  leakage  current  on 
silicide  thickness.  However  for  the  60nM 


FIGURE  2 

Reverse  current  density  versus  titanium 
diailicide  thickness  at  a  reverse  bias  of  3v. 

thickness  there  is  a  very  large  increase  in 
leakage  current.  This  is  due  to  the  fact  that 
the  junction  is  now  operating  as  a  Schottky 
barrier  diode.  The  onset  of  Schottky  action 
has  been  established  to  be  between  thicknesses 
of  55nH  and  60nH  of  titanium  discilicide  on 
the  lOOnM  boron  junctions  [4]. 

6.  TiN  FORMATION 

The  initial  results  were  achieved  by  the 
conversion  of  the  Tisi2  surface  layers  to  TiN 
by  thermal  annealing  in  an  ammonia  ambient. 
This  was  accomplished  in  a  rapid  thermal 
processor  at  a  temperature  of  1000C  for  15 
seconds.  All  other  aspects  of  the  process 
were  as  previously  described.  The  reverse 
bias  leakage  currents  of  the  structures  were 
measured.  It  is  important  to  note  that  these 
characteristics  did  not  exhibit  the 
discontinuities  at  reverse  bias  of  3.5  volts 
previously  described  fqr  the  junctions  formed 
without  TiN.  This  can  be  attributed  to  the 
approximate  lot  increase  in  junction  depth 
caused  by  the  additional  processing  to  form 


207 


I  Z  3 

NORMALISED  PERIMETER  (1-4 . 71E-2c«) 

FIGURE  3 

Reverse  leakage  current  versus  perimeter 
length  at  an  applied  voltage  of  5v.  Contact 
system  Al-TiN-TiSl2- 

Till.  The  leakage  current  measured  at  5v 
versus  junction  perimeter  is  given  in  Figure 
3.  Leakage  current  is  again  dominated  by 
carrier  generation  at  the  oxide-silicon 
interface  and  so  is  almost  linear  with 
perimeter  length.  The  surface  recombination 
velocity  SQ  is  15cm. sec-1  and  the  lifetime  in 
the  bulk  silicon  is  lmSec.  The  technology 
employed  has  not  therefore  impaired  the  high 
quality  of  these  shallow  junctions. 

It  is  desireable  to  minimise  the  amount  of 
TIN  required  for  the  barrier  layers  since  its 
resistivity  is  much  higher  than  for  Tisi2>  A 
temperature-time  cycle  sufficient  to  form  the 
desired  TiM  thickness  with  minimum 
redistribution  of  the  dopant  impurities  is 
also  required.  Three  alternatives  to  the 
formation  of  TIN  have  been  investigated. 

The  conversion  of  titanium  to  TiN  has  been 
performed  in  an  ammonia  plasma  at  temperatures 
around  350c.  While  this  offers  minimised 
redistribution  of  impurities  and  good  control 
of  ultimate  TiN  thickness,  it  does  not  yield 


self-alignment  to  the  underlying  contact  areas 
and  is  therefore  less  desirable  for  ULSI. 

The  conversion  of  fully  formed  TiSi2  in  an 
ammonia  atmosphere  with  and  without  plasma 
excitation  has  been  performed  in  a  rapid 
thermal  processor.  This  produces  TiN 
self-aligned  the  silicided  contacts  and 
ensures  minimised  drive  in  of  the  junctions. 
There  are  two  possible  options  in  this 
approach.  The  TiN  thickness  to  ensure 
junction  integrity  after  aluminisation  and 
annealing  can  be  formed.  Alternatively  a  thin 
TiN  layer  can  be  formed.  This  acts  as  an 
oxidation  barrier  on  the  silicide  contact  and 
the  TiN  layer  can  then  be  increased  to  the 
desired  thickness  by  reactive  sputtering 
followed  by  aluminisation.  The  deposited  TiN 
layer  is  then  patterned  using  the  aluminium 
mask. 

Titanium  silicide  is  normally  formed  by  a 
two  stage  rapid  thermal  process.  The  first 
low  temperature  step  ensures  self -alignment  to 
exposed  silicon  while  the  second  converts  this 
silicide  to  its  high  conductivity  form.  The 
second  annealing  step  was  adapted  to 
incorporate  an  ammonia  atmosphere  in  the 
processor  thus  achieving  simultaneously  the 
high  conductivity  TiSi2  together  with  the 
required  TiN  surface  layers. 

The  results  obtained  using  these  techniques 
will  be  presented.  The  layers  were  subjected 
to  post  aluminium  anneals  at  450°C  and  500°C 
and  the  criteria  for  aluminium  penetrations 
taken  as  an  order  to  magnitude  increase  in 
leakage  current  at  3v. 
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T*  EFFECT  OF  I ON- IRRADIATION  AND  RAPID  THERMAL  ANNEAL I NB  ON  TiSia  AND  MoSia 

Leif  aHICCWO,  Christos  KFONTIRAB**,  Jaakko  SAAR  I  LAHTI*  and  Ukko  SUN  I* 

“  Technical  Hmsmarch  Contra  of  Finland.  Soaiconductor  Laboratory, 

OtaJraari  ?  B,  SF -02130  Espoo,  Finland 

**  Pspartaant  of  Physics,  Univarsity  of  Patras,Patra  86-110,  Sraoca 


Tha  offsets  of  ion-irradiation  and  subsequent  rapid  tharaal  annealing  have  bean 
studied  in  thin  TiSia  and  MoSia  films.  A  substantial  increase  in  the  film  resis¬ 
tivities  is  observed  for  As*  implantations  up  to  a  dose  of  10**  ions/cm*.  An  al¬ 
most  coapleta  recovery  of  the  ion  induced  daaage  is  obtained  in  TiSia  after  rapid 
thermal  annealing  for  10  sac  in  the  500  to  600*C  range.  In  the  case  of  MoSia  10 
sec  at  1100*C  is  required  to  attain  the  initial  resistivity  level. 


1  INTRODUCTION 

The  shrinkage  in  silicon  integrated  circuit  di¬ 
mensions  has  led  to  considering  thin  filas  of 
refractory  disilicides  for  low  resistivity 
gates  and  interconnections.  Co-deposited  sil- 
icides  are  typically  highly  disordered  or  amor¬ 
phous  in  their  as-deposited  state.  Consequent¬ 
ly,  they  exhibit  unacceptably  high  resistivi¬ 
ties  and  require  annealing  at  elevated  tempera¬ 
tures.  During  subsequent  processing  steps  the 
formation  of  self-aligned  MOSFETs  might  expose 
the  silicide  film  to  ion-irradiation,  which  in¬ 
duces  daaage  in  the  film  and  thereby  an  in¬ 
crease  in  the  film  resistance.  Previous  studies 
have  established  metal  rich  silicides  as  radia¬ 
tion  hard  materials  whereas  many  disilicides 
are  relatively  radiation  soft  C 1 3 .  Heat  treat¬ 
ments,  such  as  required  by  source  and  drain  im¬ 
plant  activation,  can  be  expected  to  remove  at 
least  part  of  the  daaage.  However,  many  high 
melting  point  silicides  that  become  amorphous 
at  a  relatively  low  ion  dose  need  high  anneal¬ 
ing  temperatures  for  complete  recovery.  Pur¬ 
suant  to  an  earlier  report  on  the  transport 
properties  of  ion-irradiated  silicides  [81  we 
report  here  on  the  effects  of  arsenic  implanta¬ 
tion  and  rapid  thermal  annealing  in  thin  films 
of  Ti5ia  and  No  Sim* 


8  EXPERIMENTAL 

The  silicide  layers  were  formed  by  solid  phase 
reactions  of  sputtered  metal  films  with  sili¬ 
con.  TiSia  was  formed  by  sputtering  370  A  of  Ti 
followed  by  180  A  of  amorphous  silicon  on  n- 
type  <100>  Si  wafers  having  a  room  temperature 
resistivity  of  2... 4  Ocm.  The  wafers  were  then 
annealed  in  vacuum  using  a  two  step  annealing 
procedure,  first  for  20  min  at  about  450*C  and 
then  for  30  min  at  about  580'C.  MoSia  was  for¬ 
med  by  sputtering  270  A  of  Mo  on  undoped  poly¬ 
crystalline  silicon  deposited  on  oxidized  sili¬ 
con  wafers.  Annealing  was  carried  out  in  vacuum 
at  6B0*C  for  up  to  54  min.  The  resulting  layer 
thicknesses  were  930  A  ITiSia>  and  700  A 
(MoSia)  as  determined  from  RBS  measurements. 
Some  of  the  wafers  were  then  implanted  at  room 
temperature  with  arsenic  to  doses  in  the  range 
N«  *  10*“. .  .10**  cm-*.  The  ion  energies,  150 
keV  for  TiSia  and  190  keV  for  MoSia,  were  se¬ 
lected  tD  natch  the  damage  depth  with  the  film 
thickness.  The  TRIM  86  simulation  program  was 
used  for  range  calculations  (31.  To  avoid  beam 
heating  the  ion  current  was  held  below  80  yA. 
The  recovery  of  the  damage  was  investigated  by 
subjecting  the  samples  to  rapid  thermal  anneal¬ 
ing  for  10  to  30  s  in  the  temperature  range  of 
300...11S0*C  using  a  Heatpulse  quartz  halogen 
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Imp  iyitM.  The  rMiitivitiN  of  tin  sillcide* 
mti  MMurid  in  the  van  dar  Pauw  configuration 
til  using  a  cryostat  to  control  thn  saapls  tee- 
psraturo  between  4.8  K  and  300  K. 

3  POULTS  MB  0IBCUB8I0N 

The  offsets  of  ion  iapiantation  on  the  residual 
resistivity  of  TiSie  are  shown  in  fig.  1.  Ths 
resistivities  of  an  unisplanted  maaplo  were  1.3 
yOca  at  4.8  K  and  13.1  yQca  at  300  K.  After  an 
arsenic  dose  of  tc  “  10**  car*  the  resistivi¬ 
ties  at  4.8  K  and  300  K  are  alaost  identical  in 
the  order  of  130  yflee.  In  TiSia  files  irradi¬ 
ated  at  high  dose  levels,  at  rooa  teaperature 
part  of  the  current  is  carried  through  the  sub¬ 
strate  as  deduced  froa  the  teaperature  depen¬ 
dence  of  resistivity.  The  residual  resistivity 
fm  (at  4.8  K>  is  almost  linearly  proportional 
to  log  It*-  The  teaperature  dependence  of  resis¬ 
tivity  (the  teaperature  coefficient  is  positive 
even  for  the  highest  irradiation  dose)  seeas  to 
indicate  that  TiSia  is  not  fully  aaorphized 
even  at  an  As*  dose  of  1x10**  cS"*. 


Fig.  1  Residual  resistivity  vs.  dose  for  As* 
irradiated  TiSia  files.  The  irradiation 
energy  energy  was  130  keV.  Also  indica¬ 
ted  is  the  resistivity  level  of  a  non- 
irradiatad  file. 


Fig.  8  Rooa  teaperature  and  residual  resisti¬ 
vities  vs.  dose  for  As*  irradiated 
Ref Le  files.  The  irradiation  energy  was 
190  fceV. 


The  corresponding  behavior  of  HoSia  is  traced 
in  fig.  8.  In  this  case  the  unisplanted  saaples 
have  a  resistivity  of  77  yQca  at  4.8  K  and  91 
pOca  at  300  K.  The  resistivity  increases  rapid¬ 
ly  with  increasing  arsenic  dose  and  peaks  at  N* 
s  10**  cr*.  The  teaperature  dependence  of  re¬ 
sistivity  becoaes  strongly  negative  at  high  ia¬ 
piantation  doses.  The  resistivities  correspon¬ 
ding  to  the  iapiantation  dose  of  FCi  *  10**  car* 
are  1306  yOca  at  4.8  K  and  879  yQca  at  300  K. 
The  aaxiaua  that  appears  in  the  dose  dependence 
of  the  resistivity  is  analogous  to  the  resisti¬ 
vity  aaxiaua  observed  for  thereat  annealing  of 
co-deposited  MoSia.  There,  as  in  the  case  of 
USia,  the  behavior  is  attributed  to  the  transi¬ 
tion  froa  the  hexagonal  low-teaperature  phase 
to  the  high-teaperature  tetragonal  phase  CS1. 
Nucleation  of  the  hexagonal  phase  of  MoSia  un¬ 
der  ion-irradiation  has  been  previously  repor¬ 
ted  161.  It  is  not  clear,  however,  that  also 
the  stacking  faults  responsible  for  the  increa¬ 
sed  resistivity  in  the  case  of  thermal  annea¬ 
ling  should  nucleate  from  thermal  spikes  indu¬ 
ced  by  energetic  ions. 
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The  affect*  of  isochronal  rapid  theraal  annea¬ 
ling  on  the  iaplanted  TiSia  are  depicted  in 
fig.  3  for  two  different  ion  doses.  The  saeples 
iaplanted  at  N*  »  10“  car*  recover  alaost  com¬ 
pletely  after  10  s  at  300  *C.  For  “  10** 
car*,  the  ainiaua  temperature  for  the  recovery 
is  600  *C,  but  annealing  even  at  900  *C  still 
leaves  the  rooa  temperature  resistivity  40  X 
higher  than  in  the  uniaplanted  case.  Also  the 
residual  resistivity  is  twice  the  initial  value 
suggesting  that  the  ion  damage  is  only  partial¬ 
ly  removed .  The  dependence  of  the  resistivity 
on  the  annealing  tiae,  shown  in  fig.  4,  is  not 
very  strong  below  950*C.  At  higher  temperatu¬ 
res,  however,  the  resistivity  starts  increasing 
and  cracks  are  observed  by  visual  inspection. 


Fig.  3  Resistivity  vs.  annealing  temperature 
for  TiSia  film*  irradiated  with  two 
different  doses.  Also  indicated  are  the 
as-iaplanted  resistivity  values. 


Other  investigators  have  reported  that  furnace 
annealing  of  thin  TiSia  filas  above  900*C  can 
lead  to  serious  morphological  and  electrical 
instabilities  above  900*C  £71.  The  same  insta¬ 
bilities  are  observed  here  for  an  extended  du¬ 
ration  of  halogen  lamp  annealing. 

The  cases  of  hoSia  irradiated  with  two  diffe¬ 
rent  doses  are  depicted  in  fig.  S.  It  is  worth 
noting  that  the  recovery  is  faster  in  the  N«  - 
10**  cm-*  case  than  in  the  saaple  corresponding 
to  the  resistivity  aaxiaua  at  H,  =  10**  car*. 
For  periods  longer  than  10  s  the  resistivity  is 
not  very  sensitive  to  the  annealing  tiae.  The 
difference  in  the  annealing  behavior  of  the  two 
samples  with  different  implantation  doses  sug- 


Fig.  4  Resistivity  vs.  annealing  tiae  for 
TiSia  filas  irradiated  with  two  diffe¬ 
rent  dose*.  The  resistivity  increase 
for  RTA  at  1000*C  coincides  with  cracks 
observed  by  optical  microscopy. 
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Fig.  5  Resistivity  vs.  annealing  teeperature 
for  HoSia  files.  As- implanted  values 
are  indicated  by  the  dashed/dotted 
lines. 
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h  CONCLUBIONB  I 

We  have  investigated  the  annealing  behavior  of  ( 

thin  TiSie  and  MoSie  files  after  high  dose  ar-  [ 

senic  inplantations.  The  residual  resistivities  \ 

in  these  silicides  increased  by  1  to  2  orders 
sf  magnitude  for  the  highest  iaplantation  dose  f. 

of  1x10**  ce-*  indicating  a  high  degree  of  dis¬ 
order.  Host  of  the  damage  mss  removed  by  rapid  * 

thermal  annealing  for  10  sec  at  600*C  (TiSie) 
or  1100*C  (MoSie)  as  determined  by  electrical  i 

resistivity  measurements. 
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ABSTRACT 

Activation  energy  Ea  of  grain-boundary  vacancies  was  evaluated  by  means  of  noise 
measurements  and  MTF  tests  in  narrow  Al/Si  (1*)  resistors.  The  values  obtained 
by  these  techniques  are  0.93  and  0.96  eV  respectively. 

Noise  measurements  revealed  that  after  every  temperature  change  the  microstructure 

of  the  films  was  unstable.  The  presence  of  instabilities  can  strongly  affect  the 

E  value, 
a 


1.  INTRODUCTION 

_2 

Low-frequency  (10  -  2  Hz)  noise  measure¬ 

ments  have  been  proposed  as  a  new,  sensitive 
technique  able  not  only  to  detect  electro- 
migration  (EM)  under  non-accelerated  test 
conditions,  but  also  to  give  a  value  of 
.  activation  energy  of  grain-boundary  vacancies, 

*  characteristic  of  the  first  stage  of  the  EM 

phenomenon  |l|,  |2|.  Low-frequency  spectra, 

4 

1  whose  dependence  on  frequency  f  follows  a  law 

*  1/f'  with  2  <  y  <  2.8,  are  caused  by  vacancy 

f  generation-recombination  processes  and  their 

value  at  a  given  frequency  fQ,  when  y  =2,  is 
assumed  to  be  proportional  to  the  vacancy  flux 

J  according  to  the  relationship 
v  -E  /KT 

W=  2  JV=B ' N(eZ*/KT )p j Dq  e  a  (1) 

where  p  is  the  metal  resistivity,  j  the 
current  density,  N  the  atom  density,  eZ*  an 
effective  ion  charge  and  Dq  the  infinite 
temperature  diffusion  coefficient;  K  and  T 
have  the  usual  meaning  and  B'  is  a  suitable 
proporzionality  constant.  SR  is  the  power 
spectral  density  of  resistance  fluctuations, 
that  is  S_(f>  »  S  (f)/I2,  where  S  (f)  is  the 

n  v  o  v 

power  spectrum  of  voltage  fluctuations  across 


the  resistors  supplied  with  a  constant  current 

I  . 
o 

Owing  to  the  relationship  (1),  it  is  a  straight 
forward  procedure  to  deduce  E^from  measurements 
of  SD  at  various  current  densities  and  tempera- 
tures  | 2 | . 

In  this  work  we  attempted,  for  the  first 

time,  to  compare  the  results  obtained  by 

applying  noise  and  MTF  techniques  to  VLSI 

resistors.  The  nominal  width  of  the  Al/Si (1%) 

resistors  employed  is  2  and  4  pm,  with  a  cross 
2 

section  of  1.6  and  4  pm  respectively.  However 
the  actual  width  of  2  and  4  pm  resistors  are 
about  1.4  and  3.5  pm  respectively.  The  sample 
fabrication  procedure  is  described  in  another 
paper  presented  at  this  conference  |3|. 

Often  a  bamboo  structure  occurs  in  the 
samples  1 3 1  and  this  fact  is  probably  the  main 
cause  of  the  strong  dispersion  of  results 
(times  to  failure  and  activation  energies) 

obtained  from  noise  measurements  and  MTF  tests.  j 

5 

2.  EXPERIMENTS 

Before  noise  measurements,  the  resistance  vs 
temperature  behaviour  of  all  samples  was 
determined  in  the  range  50-150°C  by  putting 
them  in  a  thermostatic  silicone-oil  bath  and 
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than  recording  current,  voltage  (four  contacts 
test-pattern)  and  temperature  simultaneously. 
The  sample  to  be  tested  was  put  in  a  bridge 
configuration  (all  the  resistors  used  save  the 
sample  are  flicker  noise  free)  and  then 
supplied  with  the  proper  current  density  by 
means  of  Pb  batteries.  The  temperature  of  the 
resistor  depends  on  the  current,  on  the  thermal 
conductivity  of  the  package  and  on  the  environ¬ 
mental  temperature.  The  sample,  the  current 
supply  system  and  the  purpose-designed  ampli¬ 
fier  1 2 1  were  shielded  electrically  and 
magnetically.  The  amplified  signal  was 
processed  by  an  HP  3S61A  dynamic  signal 
analyzer . 

A  first  set  (S  #  1)  of  16  resistors  (2  ft  m 

wide)  were  all  tested  at  the  same  nominal 
6  2 

current  density  (4.8x10  A/cm  ),the  temperature 
of  the  samples  lying  in  the  range  63-73#C 
because  of  small  differences  in  the  thermal 
conductivity  of  packages  and  slightly  different 
room  temperatures.  In  spite  of  nearly 
equivalent  test  conditions,  noise  spectra 
displayed  a  random  behaviour,  both  in  magnitude 
and  in  y  values.  We  found  y  values  in  the  range 

2-2.8  and  S (20  mHz)  in  the  range  1.69x10  13- 
—11  "2 

8.45x10  (I  /Hz,  whereas  for  wider  resistors 
(14  pm)  such  a  great  dispersion  was  never 
observed  | 4 | .  The  samples  were  then  subjected 
to  an  MTF  test  under  the  following  conditions: 
J«3.2xl06  A/cm2  and  T=205«’C  |3|.  During  the 
test,  the  resistance  variation  vs  time  was  also 
recorded.  The  aim  of  performing  noise  measure¬ 
ments  and  MTF  test  on  the  same  samples  was  that 
of  finding  a  correlation,  if  any,  between  EM 
noise  and  time  to  failure. 

A  second  set  of  resistors  2pm  and  4pm  wide 
(S# 2)  was  characterized  only  by  means  of  noise 
measurements  in  order  to  find  the  value  of  E&. 

During  this  kind  of  test,  which  requires 
many  SR  measurements  on  the  same  sample  at 
various  j  and  T,  the  following  facts  were 
observed:  i)  the  spectrum  value,  at  a  given 
frequency  and  for  fixed  J  and  T,  is  generally 
a  decreasing  function  of  the  time,  as  if  the 


film  microstructure  were  undergoing  a  sort 
of  "current  annealing"  which  tends  to  reduce 
the  causes  of  BN  noise;  only  after  many  hours 
(about  4)  the  spectrum  becomes  stationary; 
il)  when  EM  occur,  the  signal  from  the 
amplifier  consists  of  a  succession  of  pulseB 
as  shown  in  fig.  1.  Similar  pulses  have 
already  been  observed  in  A1  samples  during 
thermal  cycling  1 5| . 


FIGURE  1 

Random  pulses  at  the  output  of  the  amplifier 
(gain: 10}  in  2  p  m  resistor  above  threshold 
current  density. 


The  amplitude  and  frequency  of  the  pulses 

are  increasing  functions  of  j  and  T  but,  for 

fixed  j  and  T,  both  amplitude  and  frequency 

decrease  with  time;  iii)  a  threshold  value 

6  2 

of  the  current  density  jT  (jT=  3.5x10  A/cm  ), 

which  is  the  same  for  2  and  4pm  resistors, 

seems  to  exist  for  the  appearance  of  the 

pulses.  The  minimum  pulse  amplitude  is 

equivalent  to  a  percentage  resistance 

variation  of  about  0.1  ppm. 

The  evaluation  of  E  was  made  only  for  4pm 
a 

resistors  because  the  others  (2  pm)  showed 

too  high  an  instability  of  the  spectra  during 

the  observation  time.  E  is  deduced  from 

a 

Arrhenius  plots  obtained  by  putting  the 
relationship  (1)  in  the  form 

E 


in  8r(f0). 
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FIGURE  2 

Arrhenius  plots  for  4^m  resistors:  from  "fast" 
noise  measurements  (black  dots)  and  from 
stationary  spectra  (open  dots). 

Fig.  2  shows  two  examples  of  these  plots. 

The  first  one  (black  dots)  refers  to  a  sample 

on  which  a  set  of  fast  noise  measurements  was 

performed.  The  word  fast  means  that  the  noise 

spectra  were  taken  after  the  sample  reached 

thermal  equilibrium,  but  without  waiting  for 

the  spectra  to  attain  a  stationary  behaviour 

(see  point  i).  In  this  case  the  slope  of  the 

straight  line  gives  Ea=0.63  eV. 

The  second  plot  (open  dots)  is  obtained  from 

another  sample,  for  which  each  SD  value  was 

n 

taken  when  the  spectrum  became  stationary.  In 

this  case  E  =0.93  eV.  It  must  be  noted  that 
a 

this  sample,  when  previously  subjected  to  a 
set  of  fast  measurements,  also  displayed  strong 
instabilities  in  spectrum  values. 

Efl  was  also  deduced  from  MTF  test  performed 
at  three  different  temperatures,  205,  223, 

261  'C  on  S  #  1  and  the  value  obtained  is  0.96 
eV  | 3 | . 

3.  DISCUSSION 

A  comparison  between  the  results  of  noise 
measurements  and  HTF  test  performed  on  S#l, 
did  not  reveal  any  certain  correlation  among 


the  information  extracted  using  the  two 
techniques.  It  must  be  pointed  out  that  even 
for  the  MTF  test  alone  there  is  no  correlation 
between  the  time  to  failure  (TTF)  and  the 
resistance  variation  or  the  occurrence  of  the 
first  spike  |3|.  For  such  narrow  stripes  in 
fact,  the  resistance  variation  vs  time  did 
not  show  a  regular  behaviour  but  the 
resistance  increase  (decrease  was  sometimes 
observed)  is  characterized  by  spikes  randomly 
distributed  in  time  |3|.  Moreover  the  standard 
deviation  of  the  TTF  distribution  is  higher 
than  for  wider  stripes  {a  =1.3). This  anomalous 
behaviour  shown  by  samples  subjected  to  a 
traditional  test  corresponds  to  their 
anomalous  behaviour  as  far  as  the  noise 
measurements  are  concerned.  The  instability 
of  the  spectra  can,  perhaps,  reflect  a  non¬ 
equilibrium  situation  in  the  microstructure 
of  the  films.  At  this  stage  of  the  work  we 
can  only  suppose  a  redistribution  of  silicon 
at  grain-boundaries  caused  by  the  temperature 
and  the  current,  and/or  the  annihilation  of 
defects  such  as  dislocations  |5|. 

As  far  as  the  activation  energy  Eg  is 
concerned,  the  value  of  0.96  eV  found  by  means 
of  MTF  tests  is  in  agreement  with  that 
obtained  using  the  noise  technique  for  wider 
samples  1 4 1  .  In  applying  this  technique  to 
4  fi  m  samples,  the  long  time  necessary  to 
obtain  the  pointsof  "non-fast"plots(fig.2) ,did 
not  allow  us  to  test  a  sufficient  number  of 
resistors  to  give  a  reliable  value  for  Efl, 
but  the  preliminary  value  obtained,  that  is 
0.93  eV,  is  in  good  agreement  with  the 
preceding  ones. 
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A1  (IX  Si)  electromigration  in  narrow  stripes  was  studied  by  means  of  MFT  and  resistometrlc 
methods.  For  very  narrow  stripes  no  correlation  could  be  found  between  the  variation  of  re 
sistance  and  the  end  of  life.  A  simple  model  was  developed  to  explain  the  observed  small 
resistance  variation. 


1.  INTRODUCTION 

Aluminium  electromigration  (EM)  is  one  of 
the  more  dangerous  failure  mechanisms  in  sili¬ 
con  integrated  circuits  and  the  connected  risks 
are  increased  by  the  continuous  scaling  of 
dimensions,  which  causes  higher  current  densi¬ 
ty  within  the  stripes  [  1  ]. 

The  expected  life  of  the  stripes  in  real 
operating  conditions  can  be  predicted  by  extra¬ 
polating  the  results  of  accelerated  stress 
tests,  by  using  the  Median  Time  to  Failure 
(MTF)  method  [2].  However  this  approach  demands 
quite  long  test  times,  so  that  quicker  methods, 
which  try  to  infer  the  stripe  life  from  resist¬ 
ance  variarion,  AR,  at  the  beginning  of  the 
stress,  have  been  developed  [3-6]  .  However  a 
clear  correlation  between  the  results  of 
quicker  AR  tests  and  life  tests  has  not  yet 
been  established  experimentally  [7],  in  particu 
lar  for  very  narrow  stripes  suitable  for  VLSI 
application. 

The  purpose  of  this  work  is  to  verif”  wheth¬ 
er  such  a  correlation  exists,  by  monitoring  AR 
and  final  opening  during  accelerated  life  tests 
performed  on  1.4  pm  wide  A1  (IX  Si)  stripes. 


2.  TEST  SET-UP  AND  SAMPLES 

The  experiments  were  performed  by  using 
hot  plates  with  very  high  thermal  capacity  and 
accurate  temperature  control  (+1°C  up  to  250°C) . 
A  fully  automatized  test  set  was  designed, 
which  enables  a  continuous  resistance  meas¬ 
urement  and  records  the  time  to  failure  (TTF). 
All  the  data  are  stored  in  a  mass  memory  and 
are  automatically  elaborated.  A  detailed  de¬ 
scription  of  the  test  set  is  reported  in  [8], 
The  samples  are  Al-Si  stripes  deposited  by 
sputtering  from  Al/1%  Si  target  at  150°C,  over 
a  double  layer  of  700  nm  of  thermal  SiO^  and 
of  900  nm  of  chemical  vapor  deposited  (CVD) 
posphosilicate  glass  (PSG,  with  12X  P).  The 
metal  film  was  patterned  by  reactive  ion  etch¬ 
ing,  and  annealed  in  pure  Hydrogen  at  450°C 
for  30  minutes,  finally  the  metallization  was 
covered  with  700  nm  of  CVD  PSG  (5X  P). 

Different  kinds  of  test  patterns  are  con¬ 
tained  in  the  chips,  including  stripes  of 
various  width  and  length,  all  provided  with 
Kelvin  contacts  to  measure  the  voltage  drop 
under  high  current  stress. 
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3.  EXPERIMENTS 


This  paper  deals  only  with  the  results  of 
the  1.4  MB  wide,  160  dm  long  stripes,  tested 
at  actual  temperatures  of  261 ®C,  223 “C  and 
205°C,  with  a  current  density  of  3.2xl06  A/cm2. 
A  total  of  80  stripes  were  submitted  to  test: 
20  at  each  of  the  extreme  temperatures  and  40 
at  the  middle  temperature. 

The  intrinsic  differences  among  the  stripes 
generally  cause  a  split  in  the  actual  stress 
conditions:  different  test  temperatures  due  to 
Joule  heating  and  to  resistance  increase  during 
the  test,  different  current  densities  due  to 
geometrical  differences.  The  increase  of  tem¬ 
perature  was  taken  into  account  by  evaluating 
the  temperature  coefficient,  a  ,  and  the  total 
thermal  resistance,  R^,  of  each  stripe  be 
measuring  the  resistance  as  a  function  of  the 
current  (5+40  mA)  at  different  temperatures 
(25+250°C)  ( 9  ]  .  The  actual  current  densities 
were  estimated  by  calculating  the  real  cross 
section  of  each  stripe.  These  characteristics 
of  the  test  stripes  are  reported  in  Table  I. 
This  set  of  correction  rules  enable  us  to  nor¬ 
malize  the  recorded  TTF  to  reference  stress 
conditions,  by  using  the  Black  formula  [2], 
with  n=l. 

4.  RESULTS 

Fig.  1  reports  the  log-normal  plots,  evalua¬ 
ted  by  means  of  the  normalized  TTF's,  for  the 
three  tests  performed;  the  estimations  of  the 
MTF's,  standard  deviations  and  correlation  coef 
ficients  are  reported  in  Table  II. 

We  also  recorded  the  80  resistance  dia- 
graphs;  figures  2,  3  and  4  are  significant  ex¬ 
amples  of  such  plots. 


Fig.  1  Lognormal  plots  of  the  TTF  obtained  in 
the  accelerated  tests.  Failure  criteri¬ 
on  was  the  open  circuit. 


TABLE  II  -  Results  of  stress  tests 


Test  temp.  MTF  [h] 

261 °C  26.82 
223 °C  105.24 
205°C  373.67 


o  Corr.  coeff. 

1.3448  0.98841 
1.3448  0.99252 
1.2823  0.98208 


a  sample  showing  multiple  resistance 
spikes  before  the  opening  at  T=223°C. 


On  analyzing  these  plots,  the  resistance 
variations  seem  to  occur  randomly  during  life 
tests.  All  the  stripes  exhibited  random  resist 


TABLE  I  -  Characteristics  of  the  stripes 


Temperature  coefficient 

(with  reference  to  25°C) 

a 

[ »C-1  ] 

Mean 

3.969.10' 

Resistance  at  25®C 

R 

[oj 

3.641 

Thermal  resistance 

^th 

{•C  mW-1] 

1.661 

Joule  heating  (at  176°C 

and  1=50  mA) 

AT 

[°C] 

25.7 

Sample  cross  section 

S 

[r21  _2 

(A. cm  ] 

1.57 

Current  density 

J 

3.186.10 

Stand.  Dev. 
0.087. 10"3 
0.156 
0.085 
1.6 
0.066 
0.138.10 
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TIME  (hours) 

Fig.  3  Example  of  resistance  variation  for 
a  sample  showing  a  progressive  resistan¬ 
ce  Increase.  The  Inset  displays  a  SEM 
picture  of  the  stripe  after  opening. 
Letters  link  the  resistance  variation 
model  to  the  actual  damage. 


TIME  (hours) 

Fig.  4  Example  of  resistance  variation  for  a 
sample  showing  abrupt  failure  at  T=223°C 

ance  spikes  of  varying  duration  and  amplitude 
and  the  total  resistance  variation  was  gener¬ 
ally  less  than  6%. 

Four  common  behaviours  were  roughly  identi¬ 
fied,  whose  frequency  of  occurrence  is  indica¬ 
ted  in  parentheses:  a)  the  mean  resistance 
is  roughly  constant  with  superimposed  multiple 
resistance  spikes ,  before  the  final  opening 
(17.7%),  as  in  fig.  2;  b)  the  mean  resistance 
increases  with  superimposed  multiple  resist¬ 


ance  spikes  (40.3%) ;  c)  the  resistance  in¬ 
creases  with  no  or  very  limited  spikes,  sud¬ 
denly  the  curve  becomes  very  sharp  and  the 
stripe  fails  (24.2%),  as  in  fig.  3;  d)  the 
means  resistance  is  nearly  constant  with  no  or 
very  limited  spikes,  and  then  fails  abruptly 
(17.8%),  as  in  fig.  4. 

5.  DISCUSSION 

Our  results  can  be  explained  by  taking  into 
account  the  structure  of  the  stripes.  The  high 
value  of  the  TTF  dispersion  (o  »1 . 3 )  was  not 
unexpected,  owing  to  the  influence  of  struc¬ 
tural  and  dimensional  fluctuations  in  so  nar¬ 
row  stripes. 

We  tried  to  correlate  the  evaluated  TTF  to 
the  resistance  variations  for  each  piece,  but 
we  did  not  find  any  correlation  between  the 
TTF  and  the  resistance  variation  or  the  occur¬ 
rence  of  the  first  spike. 

The  spikes  can  be  explained  as  an  aggrega¬ 
tion  and  vanishing  of  voids,  which  temporarily 
varies  the  cross  section  of  a  stripe  at  some 
point  [7].  In  any  case  the  final  failure  seems 
to  occur  in  a  completely  random  way,  with 
no  correlation  with  the  spikes. 

Our  results  on  the  resistance  behaviour, 
partly  disagree  with  those  of  some  researchers 
[3-6]  who  found  a  regular  increase  in  the 
stripe  resistance  before  failures.  These  dif¬ 
ferences  are  explained  by  the  differences 
in  the  dimensions  and  structure  of  the  tested 
stripes.  In  fact  our  stripes  have  a  bamboo 
structure  as  can  be  seen  in  fig.  5a.  The  stres 
sed  stripes  presents  only  few  damaged  areas, 
where  EM  starts  (see  fig.  5b).  Frequently  the 
shape  of  the  voids  was  triangular  (fig.  5c-d) 
and  they  grew  by  starting  from  the  bottom  of 
the  stripe,  without  reaching  the  top  surface. 
Owing  to  the  very  simple  appearance  of  the  dam 
age,  we  tried  to  model  the  percentage  4R/R  va¬ 
riation  with  the  void  growth  and  we  postulated 
the  growth  of  triangular  -  or  trapezium  - 
shaped  prises ;  the  model  well  described  the 
regular  4R/R  increase  of  fig.  3. 
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Fig.  5  SEM  pictures  of  stressed  stripes.  The 
arrows  in  picture  a)  indicate  the  grain 
boundaries. 

Some  stripes  exhibited  only  very  limited  dam 
ages,  like  the  very  narrow  cut  shown  in  fig.5e, 
about  70  nm  wide,  as  can  be  roughly  estimated 
from  the  SEM  picture.  This  kind  of  failures 
are  found  when  the  resistance  does  not  increase 
during  the  test  but  the  opening  occurs  abruptly. 
This  last  failure  mechanism  cannot  be  described 
by  the  resistance  variation,  and  severely  li¬ 
mits  the  effectiveness  of  quick  techniques, like 
TRACE  [4  ],  for  the  reliability  evalutation  of 
very  narrow  stripes. 

6.  CONCLUSION 

The  electromigration  tests  performed  on  VLSI 
Al(Si)  stripes  enables  us  to  ascertain  that: 

1)  the  estimated  standard  deviations  of  the 
time  to  failure  distribution  are  higher 
than  that  of  wider  striper,  in  spite  of  the 
corrections  made,  so  only  due  to  the  influ¬ 


ence  of  structural  and  dimensional  fluc¬ 
tuations  in  so  narrow  stripes; 

ii)  the  increase  of  stripe  resistance  before 
failure  does  not  occur  for  all  the  stripes 
and  so  cannot  be  correlated  with  the  end 
of  life; 

iii)  several  resistance  spikes  are  observed 
before  the  complete  opening  of  the  stripes 
that  are  enhanced  by  the  small  dimensions 
of  the  stripes  and  can  be  related  to  void 
formation  and  vanishing;  however  for  this 
phenomenon,  to,  no  correlation  with  the 
end  of  life  can  be  established; 

iv)  a  simple  degradation  model  was  developed 
that  justifies  the  observed  resistance 
variations . 
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Abstract 

We  have  rued  a  current  ramp  based  method  (BEM)  to  study  the  electromigration  response  of  metal 
lines  prepared  under  different  experimental  conditions.  The  samples  were  all  All%Si;  BEM  dis¬ 
criminated  among  the  metallizations  prepared  with  different  sputtering  systems:  a  better  behavior 
was  obtained  for  films  prepared  in  high  vacuum  and  with  a  fast  deposition  rate.  Furthermore  we 
have  characterizad  the  use  of  both  DC  and  RF  bias  for  Al  planarization.  The  results  show  a  loss 
of  reliability  due  to  the  bias  induced  crystallographic  disorder  of  the  Al  structure. 


1  Introduction 

In  the  last  few  years  the  device  reliability  concern  has 
strongly  increased  due  to  the  stringent  requirements 
of  VLSI  technologies.  One  of  the  most  critical  steps  in 
the  device  fabrication  is  the  final  metallization  whose 
degrade  is  most  often  due  to  aluminum  electromigra¬ 
tion.  Among  the  many  fast  techniques  proposed  for 
electromigration  control  [1,2,3]  the  BEM  (Breakdown 
Energy  of  Metals)  [4,5]  has  the  advantage  to  suit  both 
to  the  production  environment  (allowing  a  fast  and 
automatized  check  of  the  production  lots)  and  to  the 
R&D  requirement  to  attain  an  evaluation  of  new  ma¬ 
terials  and  processes. 

We  have  applied  the  BEM  to  the  evaluation  of  both 
sputtering  equipment  and  new  metallization  processes. 
In  the  first  esse  the  results  provided  a  correlation  be¬ 
tween  the  machine  characteristics  and  the  electromi¬ 
gration  yield  of  the  films;  in  the  second,  the  BEM 
results  showed  a  strong  influence  of  the  deposition 
parameteres  on  the  Al  reliability.  In  both  cases  it 
turned  out  that  the  microstructural  feature  which  is 
most  sensitive  to  the  metal  film  electromigration  per¬ 
formance  is  the  crystallographic  ratio  R(lll]/[200]  be¬ 
tween  the  X  ray  diffracted  peaks  intensity. 

The  structural  order  of  the  film  in  fact,  preventing 
the  voids  agglomeration  that  takes  place  at  the  stripe 


weakest  points,  results  in  a  higher  electromigration 
resistance  of  the  metal  line. 

The  test  structures  employed  for  the  experiment  con¬ 
sisted  of  straight  metal  lines,  of  different  widths  and 
lengths,  laying  on  a  flat  oxide  substrate.  We  intention¬ 
ally  avoided  any  process  or  architecture  induced  thin¬ 
ning  of  the  metal  section  so  that  the  electromigration 
performance  of  the  interconnects  could  be  directely 
related  to  the  intrinsic  properties  of  the  material. 

2  The  Method 

The  BEM  techique,  introduced  by  Hong  et  al.[4],  al¬ 
lows  a  wafer  level  electromigration  testing  by  means 
of  a  current  ramp  forced  in  the  test  line;  at  every  step 
the  voltage  drop  is  monitored  and  the  temperature  is 
calculated.  When  the  stripe  opens  up  the  total  energy 
transferred  to  the  line  is  calculated  by  means  of  the  : 

Ef(mJ/cm)  =  £  Ej  JjRjexp(—Ea/kTj)At 

The  figure  of  merit  of  the  technique  is  the  MEF: 
Median  Energy  to  Fail  (m3 /cm)  defined  as  the  50% 
point  of  the  lognormal  distribution  of  the  failure  en¬ 
ergies  measured  on  a  wafer  (fig.l). 


fig.l  A  typical  lognormal  distribution  of  failure  en¬ 
ergies  on  wafer;  the  normal  axis  is  centered  on  the 
distribution  50%  point,  +1  and  -1  points  correspond 
to  +1  and  -1  sigma  of  the  distribution.  The  MEF 
value  is  also  shown. 


The  stripe  temperature  is  a  function  of  both  the  cur¬ 
rent  density  and  the  heat  dissipated  by  the  metal  to¬ 
ward  the  substrate.  Since  the  temperature  is  an  ac¬ 
celerating  parameter  for  electromigration,  the  BEM 
results  need  to  be  normalized  to  the  thickness  of  the 
oxide  underlaying  the  metal,  which  constitutes  the 
major  heat  sink  for  the  stressed  stripes. 

We  have  therefore  prepared  a  set  of  wafers  with  oxide 
layers  of  different  thicknesses,  from  0.1  pm  to  1.5  pm, 
and  performed  the  BEM  test  on  metal  films  deposited 
on  the  different  substrates.  The  test  was  performed 
on  both  passivated  and  not  passivated  samples. 

The  results  are  presented  in  fig.2  and  fig.3;  the  MEF 
values  are  higher  when  the  metal  sits  on  thinner  oxide 
layers,  where  the  heat  dissipation  through  the  dielec¬ 
tric  is  more  efficient;  at  thicker  made  layers  the  faster 
temperature  increase  results  in  a  stronger  acceleration 
of  the  phenomenon  and  therefore  in  smaller  MEF  val¬ 
ues.  It  is  important  to  observe  that  even  when  the 
rate  of  heat  dissipation  is  very  poor  the  failure  mech¬ 
anism  is  still  electromigration;  this  is  confirmed  both 
by  the  mono  tonic  behavior  of  the  curves  of  fig.2  and 
fig.3  and  by  SEM  observations  of  the  stressed  stripes. 
As  expected  the  effect  of  a  passivating  layer  is  to  in¬ 
crease  the  electromigration  performance  of  the  metal 
and  to  decrease  the  dispersion  cl  the  Mure  energies 
on  wafer. 


fig.  2  MEF  values  for  a  set  of  samples  with  different 
thickness  of  the  substrate  oxide;  not  passivated  sam¬ 
ples. 


fig.  3  MEF  values  for  a  set  of  samples  with  different 
thickness  of  the  substrate  oxide;  passivated  samples. 


3  Experimental 

The  tests  were  all  performed  on  4”  Silicon  wafers  met¬ 
allized  with  1  pm  thick  All%Si  films,  on  four  termi¬ 
nals  stripes  of  dimensions  4  pm  -  320  pm  and  8  pm  - 
640  pm.  The  substrates  were  oxidized  prior  the  metal 
deposition.  In  all  cases  the  passivation  was  7000Aof 
SiOj  phosphorous  doped  at  4  —  5%. 

The  wafers  for  equipment  characterization  were  met¬ 
allized  on  four  sputtering  systems  whose  main  fea¬ 
tures  in  terms  of  vacuum  configuration  and  of  depo¬ 
sition  rate  are  described  in  table  I.  In  this  respect  the 
equipment  are  representative  of  the  evolution  in  the 
technological  approach  to  VLSI  metallization  that  has 
taken  place  in  the  last  years.  For  this  experiment  the 
wafers  were  oxidised  with  a  1.7  pm  thick  SiOt  layer. 
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The  realization  of  multiple  level  metallizations  is  one 
of  the  key  points  for  increasing  the  degree  of  VLSI 
device  integration.  Multilevel  metal  devices  are  ex¬ 
tremely  critical  in  terms  of  surface  topography;  a  poor 
step  coverage  of  the  metal  layers,  especially  in  con¬ 
tacts  and  vias  with  high  aspect  ratio,  can  therefore 
result  in  a  reliability  concern  for  open  circuit  failures. 
Aluminum  film  planarization  is  one  of  the  proposed 
solutions,  since  it  provides  adequate  sidewall  cover¬ 
age  and  complete  via  filling. 

Between  the  prospected  methods  for  increasing  the 
metal  redistribution  on  wafer  are  the  high  tempera¬ 
ture  deposition  and  the  application  of  a  biasing  volt¬ 
age  to  the  substrate:  the  first  enhances  the  mobility 
of  the  deposited  A1  atoms,  the  other,  if  the  bias  is 
high  enough  with  respect  to  target  power,  increases 
the  resputtering  rate. 

We  have  investigated  the  effect  of  substrate  biasing  on 
A1  film  reliability.  The  samples  were  prepared  using 
equipment  C  and  D  (table  I)  applying  both  DC  and 
RF  bias  to  the  substrate.  The  underlaying  oxide  was 
7000Afor  all  these  samples. 

Film  crystalline  structure  was  investigated  using  X- 
ray  diffractometry.  The  significant  parameter  for  eval¬ 
uating  the  degree  of  cristalline  order  has  been  taken  to 
be  the  ratio  between  the  height  of  the  diffraction  peaks 
corresponding  to  the  crystallographic  planes  (111)  and 
(200)  of  aluminum. 

4  Results  and  Discussion 

In  table  I  we  present  the  results  of  the  BEM  test  per¬ 
formed  on  All%Si  films  prepared  with  the  four  depo¬ 
sition  systems.  MEF  values  are  normalized  to  the  ini¬ 


tial  stripe  resistance  (Ro)  to  compensate  dimensional 
variations  due  to  photolitographic  definition. 

Our  results  indicate  a  strong  correlation  between  the 
purity  level  of  sputtering  atmosphere  and  the  good 
quality  of  the  deposited  films,  both  in  terms  of  the 
crystallographic  growth  and  of  the  electromigration 
performances.  First  of  all  an  efficiet  pumping  sys¬ 
tem,  able  to  lead  to  pressure  in  the  10~Ttorr  range  in 
the  main  chamber,  is  necessary  to  guarantee  a  good 
A1  film  quality  (B,C  and  D). -Pumping  efficiency  can 
be  further  increased  introducing  a  transfer  chamber 
(load-lock)  to  load  the  wafers  in  the  sputtering  area. 
It  is  also  important  to  increase  the  deposition  rate  (C 
and  D)  .  All  these  features  are  related  to  the  reduction 
of  gas  trapping  in  the  film  during  deposition,  which 
results  in  a  more  ordered  crystallographic  growth  of 
the  A1  grains  and  finally  in  a  good  electromigration 
behaviour. 
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To  analyze  bias  effects,  different  kinds  of  test  samples 
were  prepared,  as  shown  in  table  II,  where  are  re¬ 
ported  the  MEF  results  with  the  corresponding  XRD 
data.  In  this  case  differences  in  Ro  are  mainly  due  to 
the  different  deposition  processes  and  therefore  MEF 
values  were  not  normalized.  Samples  1  and  4  were 
prepared  with  the  standard  process  parameters  used 
for  equipments  C  and  D.  The  corresponding  MEF  val¬ 
ues,  the  highest  in  this  test,  are  typical  for  these  sput¬ 
tering  systems.  Crystallographic  structure,  showing 
a  complete  orientation  along  the  (111)  planes,  indi¬ 
cates  a  well  ordered  growth  of  the  films  dining  de¬ 
position.  Conversely  films  prepared  with  an  high  de¬ 
gree  of  substrate  biasing  (no  matter  if  RF  or  DC  bias, 
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samples  2  and  3)  draw  a  dramatic  decrease  in  the 
MEF  values  with  the  corresponding  weak  (111)  orien¬ 
tation.  The  low  value  of  DC  bias  employed  for  sample 
5  preparation  results  in  a  limited  A1  atoms  resput¬ 
tering  and  therefore  in  a  still  high  MEF  value.  The 
crystal  growth  is  not  significantly  modified,  but  no 
improvement  in  step  coverage  is  observed. 

5  Conclusions 

In  this  work  we  have  shown  that  BEM  provides  a  fast 
and  versatile  technique  for  metallizations  reliability 
testing.  Our  approach  has  been  mainly  in  the  deter¬ 
mination  of  the  deposition  conditions  influence  on  the 
reliability  of  the  films,  both  in  terms  of  equipment 
find  of  process  parameters.  The  results  show  a  defi¬ 
nite  relation  between  the  electromigration  resistence 
of  A1  films  and  their  cristallographic  quality;  the  re¬ 
duction  of  mass  flux  divergence  points  results  in  a 
prolonged  life  for  the  conductor.  The  BEM  results 
indicate  that  the  realization  of  a  reliable  metal  struc¬ 
ture  is  connected  on  one  side  to  the  sputtering  en¬ 
vironment  (good  vacuum  levels,  fast  sputtering  rate) 
and  on  the  other  to  process  conditions  that  favor  the 
ordered  growth  of  the  films. 

For  metal  planarization  our  results  point  to  the  risks 
involved  in  the  use  of  a  substrate  bias  either  DC  or 
RF.  If  the  biasing  voltage  is  effective  for  a  step  cov¬ 
erage  improvement  it  has  detrimental  effects  on  reli¬ 
ability,  since  it  modifies  the  crystallographic  growth 
(increase  of  the  resputtering  rate  and  contaminants 
inclusion).  On  the  other  hand  if  the  biasing  voltage 
doesn’ t  influence  the  A1  microstructure  it  is  not  even 
effective  in  in  improving  the  film  planarization.  The 
action  of  a  high  temperature  deposition  on  both  pla¬ 
narization  and  reliability  is  still  under  investigation. 
Other  applications  of  the  technique  are  in  progress.  In 
the  production  environment  BEM  is  used  to  continu- 
osly  check  the  quality  of  the  outgoing  lots  by  means  of 
a  test  stripe  inserted  in  the  devices  scribing  line.  Eval¬ 
uation  of  new  metallization  alloys  is  a  future  applica¬ 
tion,  once  the  activation  energy  for  electromigration 
in  the  materials  undo:  study  will  be  known. 
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Abatract 

In  this  work  we  lnveatigata  the  correlation  between  the  resistance  behaviour  and 
the  mass  transport  In  narrow  line  lnterconnecta  with  a  laminated  structure  Incor¬ 
porating  aultiple  layara  of  Ti  In  Al-Sl.  For  comparison,  homogeneous  Al-Sl  films  are 
also  studied.  The  electromigration  resistance  is  evaluated  by  applying  a  tempe¬ 
rature-ramp  resistance  analysis  (TRACE)  at  direct  wafer  level.  The  improved  stability 
against  electroaigratlon  In  the  laminated  structures  is  related  to  the  formation  of  a 
continuous  barrier  of  the  intermetalllc  compound  T1A1.,  preventing  voids  from 
propagating  across  the  film. 


1.  INTRODUCTION 

Electroaigratlon  lifetime  of  A1  or  Al-Cu 
Interconnect Iona  can  be  significantly  Impro¬ 
ved  by  Incorporating  a  compound  of  A1  and  a 
transition  metal  Inside  the  metallisation 
layer  /1,2,3/. 

In  this  paper  we  present  the  results  of  an 
experimental  work  performed  to  correlate  the 
electroaigratlon  Induced  damage  to  the 
resistance  changes  In  homogeneous  Al-Sl  and 
laminated  A1-S1/T1  stripes. 

The  test  lines  were  Investigated  by 
applying  a  temperature  raap-technlque  (TRACE) 
/4/.  By  using  this  method  to  analyse  the 
resistance  change  In  a  stripe  under  high 
current  stress,  the  kinetic  parameters  for 
the  early  stages  of  electroaigratlon  can  be 
determined. 

Failure  analysis  and  metal  film  characte¬ 
risation  were  carried  out  by  optical  micro¬ 
scopy,  SEN  and  TEH  analyses. 

2.  EXPERIMENTAL 

The  natal  films  were  deposited  on  3  inch 


oxidized  silicon  substrates.  Two  different 
types  of  metallizations  were  prepared,  using 
magnetron  sputtering.  The  first  metallization 
consisted  of  four  Al-Sl  layers,  1100  A  thick 
each,  alternating  with  three  200  A  thick  Tl 
films  deposited  during  the  same  pumpdown.  In 
the  following  this  will  be  referred  to  as 
multilayer  structure.  For  a  direct  comparison 
of  the  electromigration  behaviour  in  unlaml- 
nated  structures,  Al-Sl  films  of  5000  A 
thickness  were  also  prepared.  After  sputter¬ 
ing,  different  types  of  electroaigratlon  test 
vehicles  (see  ref. 5)  were  delineated  by 
standard  photolithography  and  chemical  vet 
etching.  The  results  reported  In  this  paper 
are  relative  to  llnewidths  ranging  between  4 
and  5  ^um.  The  samples  were  then  annealed  In 
an  argon  gas  flow  at  450*C  for  30  min.  In 
order  to  form  the  Intermetalllc  TiAlj. 

The  electromigration  measurements  were 
carried  out  at  wafer  level  using  a  manual 
probe  station  with  a  temperature  controlled 
hot  chuck.  The  stripes  were  tested  using  the 
TRACE  method  /4/.  In  this  technique,  the  elec- 
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tromigratlon  kinetic*  relative  to  the  early 
■tag**  of  electromlgratlon  are  atudled  by 
performing  resistance  measurements  aa  a 
function  of  a  linearly  ranging  teaperature. 
The  teat  aet-up  waa  entirely  controlled  and 
aonltored  uaing  an  HP-9816  computer.  the 
lncraaae  In  the  atripe  teaperature  Induced  by 
the  atreaa  current  was  determined  by  measur- 
Ing  the  realatance  at  different  current 
denaltlea  between  room  teaperature  and  473 
*K.  Aa  a  reault  the  electroalgratlon  effect* 
are  displayed  aa  a  function  of  the  actual 
teaperature  of  the  atrlpea.  Optical  aicro- 
acopy ,  SEM  and  croaa-aectional  TEH  were  uaed 
to  lnveatlgate  the  atructural  daaage  cauaed 
by  the  current  atreaa. 

3.  RESULTS  AND  DISCUSSION 

The  firat  experiment*  were  perforaed  on 
the  Al-rSi  metallization.  By  following  ref. 4, 
the  aeaaured  conductor  realatance  waa  separa- 
ted  Into  two  Independent  additive  terms,  Rj 
and  Rjjj,  representing  the  temperature  and  the 
electroalgratlon  component  reapactlvely.  The 
aaaaureaenta  reported  In  thl*  work  were 
carried  out  at  J»2.8xl06  and  5.5xl06  A/cm2 
and  ramping  rate  r-0.25’K/a.  A  typical  reault 
obtained  on  an  un laminated  Al-Sl  film  under 
current  atreaa  la  ahown  In  Flg.l,  In  which 


FIGURE  i 

Electroalgratlon  realatance  aa  a  function  of 
atrlpa  temperature 


A  Rjjj  la  the  realatance  Increase  induced  by 

electromigration  and  R  la  the  realatance  at 
o 

the  initial  ramping  temperature.  The  data  for 
the  Initial  61  relative  realatance  change  fit 
a  thermally  activated  proceaa  described  as 


with  an  activation  energy  E^-0.43  eV  and  a 
pre-exponential  factor  A-0.33  s'1.  The 

stripes  stressed  at  5. 5x10**  showed  similar 
activation  energies,  but  In  this  case  they 
failed  by  developing  an  open  crack  at  an 
average  temperature  of  about  613°K.  Randomly 
located  small  hillocks  appeared  along  the 
line  during  the  test  (Fig. 2). 


hillocks  randomly  located  along  the  line. 


In  order  to  compare  the  behaviour  of  the 
different  metallizations  under  study,  the 
multilayer  structures  were  tested  at  the  same 
current  density  (J-5.5xl0^  A/cm2),  while  for 
comparison  with  the  unlaalnated  Al-Sl  struc¬ 
ture  the  atripe  temperature  was  ramped  up  to 
the  failure  temperature  of  these  films 
(613*K) .  In  this  case,  the  resistance  monito¬ 
red  as  a  function  of  the  stripe  temperature 
did  not  show  any  deviation  from  linearity, 
indicating  that  the  electromigration  compo¬ 
nent  in  the  measured  resistance  is  completely . 
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FIGURE  3 

SOI  Image  of  a  multilayer  structure  stressed 
at  J”5.5xl0°  A/cm  ,  showing  hillocks  forma¬ 
tion  at  the  positive  end  of  the  line. 

negligible.  However,  SOI  observations  of  the 
stressed  multilayer  structure  revealed  a 
limited  amount  of  hillocks  (see  Fig. 3).  In 
contrast  to  the  case  of  the  unlaminated  Al-Sl 
the  accumulation  of  siaterial  occurred  only  at 
the  positive  end  of  the  stripe.  Slight  ero¬ 
sion  of  material  was  observed  at  the  junction 
of  the  stripe  and  cathodic  current  terminal 
but  it  was  not  effectively  detected  in  the 
voltage  measurement  since  the  depletion 
mainly  occurred  between  the  current  tap  and 
the  voltage  tap.  In  fact,  increasing  the 
stripe  temperature  to  663°K  the  resistance 
change  (deviation  from  linearity)  became 
negative  /5/.  This  was  concurrent  with  an 
increasing  number  of  hillocks  which  appeared 
along  the  positive  end  of  the  line  extending 
beyond  the  voltage  tap,  and  were  therefore 
electrically  detectable  (see  Fig. 4).  The 
observed  behaviour  is  in  agreement  with  the 
results  obtained  frou  accelerated  lifetime 
tests  as  reported  in  ref. 2. 

The  extensive  formation  of  hillocks  was 
never  found  in  homogeneous  Al-Si  films.  One 
should  note  however  that  single  layer  metal¬ 
lisations  failed  by  developing  open  cracks 
below  the  temperature  at  which  the  formation 
of  hillocks  on  multilayer  stripes  effectively 
sets  in. 


FIGURE  4 

Large  extent  of  hillocks  along  the  positive 
end  of  the  multilayered  stripe. 

To  avoid  the  effect  of  hillocks  on  the  vol¬ 
tage  measurement  in  the  multilayer  structures, 
this  was  performed  as  shown  by  the  inset  in 
Fig. 5.  For  relative  resistance  changes  up  to 
5Z  the  experimental  data  could  be  adequately 
described  by  a  single  activated  process  with 

E  »  0.54  eV  and  A  •  2.7  sec  *.  The  low  value 
a 

of  the  activation  energy  indicates  electro¬ 
migration  processes  directly  related  to  A1 
grain  boundary  diffusion  or  to  another  mecha¬ 
nism  with  a  fortuitously  similar  activation 
energy.  Further  measurements  at  different 
ramping  rates  are  currently  under  way. 


FIGURE  5 

Electromigration  resistance  as  a  function  of 
stripe  temperature  (see  ref. 5  for  details). 
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Th«  Halted  number  of  electromigratlon  In¬ 
duced  defects  on  the  test  stripe  (except  In 
the  stripe  ends)  would  suggest  e  acre  uniform 
alcrostructure  In  the  lsaineted  metalliza- 
tions  coapered  to  the  conventional  A1  alloy 
filas.  Other  Investigators  have  pointed  out 
that  relatively  uniform  columnar  grains  and  a 
continuous  lntermatalllc  compound  layer  are 
fundamental  In  Improving  the  electromigration 
resistance  of  laalnated  Interconnects  HI. 
An  appropriate  TEM  procedure  for  saaple  pre¬ 
paration  has  been  recently  set  up  /6,7/  to 
obtain  longitudinal  cross-sections  In  5  ^uw 


FIGURE  6 

Bright- field  TEM  micrograph  of  an  A1-S1/T1 
multilayer  structure  annealed  gt  45Q,°C  for 
30  min  and  stressed  at  J-5.5xl0  A/ cm  up  to 
663 *K. 

wide  stripes.  Fig. 6  shows  the  cross-sectional 

Image  of  a  multilayer  Al-Si/Ti  structure 

annealed  at  450*C  for  30  min  and  stressed  at 
6  2 

J-5.5xl0  A/cm  up  to  a  stripe  temperature  of 
663*K.  A  continuous,  although  not-unlform, 
leyer  of  TIAlj,  as  Identified  by  electron 
diffraction  analysis,  has  formed.  Since  the 
lntermatalllc  phase  prevents  voids  from 
propagating  across  the  film  end  Is  able  to 
carry  large  current  densities,  the  barrier 
continuity  Is  of  primary  importance.  Further¬ 
more,  the  different  layers  are  not  completely 
planar,  as  shown  by  their  "wavy"  morphology. 
Due  to  the  difference  In  electrical  resisti¬ 
vities  of  A1  and  TiAlj,  Interface  roughness 


could  give  rise  to  large  current  density  va¬ 
riations.  For  thin  A1  overlayers  this  could 
become  detrimental,  whereas  for  thicker  films 
the  effect  of  Interface  roughness  Is  expected 
to  be  small. 


4.  CONCLUSIONS 

The  resistance  degradation  caused  by 
alectromigration  proceeds  In  two  different 
ways  In  single  layer  Al-Sl  and  multilayer 

Al-Si/Ti  films.  For  Al-Sl  interconnects, 
6  2 

stressed  at  5.5x10  A/cm  ,  the  degradation 
starts  at  relatively  low  temperatures  leading 
to  open-crack  failure  at  about  613*K.  For 
multilayer  Interconnects  the  resistance  change 
Is  only  observed  above  this  temperature, 
although  the  activation  energies  suggest 
similar  electromigratlon  processes.  The 
structural  damage  in  laalnated  Interconnects 
under  high  current  stress  Is  initially  cons¬ 
trained  to  the  stripe  ends  where  the  A1 
migration  results  in  erosion  or  accumulation 
of  material,  depending  on  the  flux  direction. 
The  cross-Bectional  TEM  observations  confirm 
Chat  a  continuous  barrier  of  the  inteiaetalllc 
compound  has  formed  Inside  the  laminated 
structures  during  the  annealing  stage.  It  is 
quite  evidently  responsible  for  the  Improved 
stability  against  electromigratlon  failure. 
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Tungsten  fllas  have  been  deposited  onto  silicon  and  silicon  dioxide  substrates  by 
plasma  enhanced  cheaical  vapour  deposition,  using  the  reaction  of  tungsten 
hexafluoride  and  hydrogen.  The  deposition  rate,  sheet  resistance,  and  adhesion  of 
the  films  have  been  studied  as  a  function  of  the  process  parameters:  substrate 
temperature,  gas  f lou  and  composition,  and  pressure.  Adherent  tungsten  films  with 
sheet  resistances  lower  than  1  ohm  per  square  have  been  produced. 


1.  INTRODUCTION 

In  recent  years  there  has  been  considerable 
Interest  In  the  use  of  refractory  metals,  and 
their  aillcldea,  as  metallisations  for  silicon 
ICs.  These  metal  systems  have  several 
advantages  over  conventional  aluminium-based 
metallisations  for  electrical  contacts, 
interconnections  and  vlas  at  the  VLSI  level  of 
miniaturisation  [1.2].  Tungsten  has  been 
identified  as  being  particularly  suitable:  it 
has  high  conductivity,  is  thermally  stable  and 
relatively  Inert,  and  does  not  suffer 
electroalgratlon  problems  [3], 

The  common  techniques  for  the  deposition  of 
tungsten  are  sputtering  and  Chemical  Vapour 
Deposition  (CVD).  The  advantages  of  CVD 
processes  are  well-known,  the  moat  Important 
being  the  ability  to  deposit  conformally  over 
steps  in  the  underlying  structure  and  the 
opportunity  to  vary  the  flln  composition  as  a 
function  of  depth  [4,5].  Tungsten  lends  Itself 
well  to  CVD  processes  by  virtue  of  the 
existence  of  the  volatile  and  easily  reducible 


hexafluoride  MFg.  This  can  be  reduced  to 
tungsten  by  reaction  either  with  hydrogen  or 
at  the  silicon  surface.  Plasma-enhanced 
processes  offer  a  further  benefit  In  that  the 
rate  of  reaction  can  be  Increased 
significantly  without  raising  the  substrate 
temperature:  this  la  the  regime  of  plasma- 
controlled  processes. 

One  of  the  objections  to  the  use  of  PCVD 
is  that  the  dependence  of  film  growth  on  the 
process  conditions  Is  often  poorly  understood. 
The  purpose  of  our  work  Is  to  carry  out  a 
comprehensive  programme  of  characterisation  of 
the  deposition  of  tungsten  on  silicon  in  a 
glow  discharge.  So  far  the  effects  on  the 
reaction  rate  of  gas  flow  and  composition, 
substrate  temperature  and  chamber  pressure 
have  been  studied  [6], 

2.  THE  PLASMA  CVD  EQUIPMENT 

All  the  deposition  studies  were  carried  out 
In  a  Plasma  Technology  planar  diode  reactor, 
as  shown  In  figure  1.  The  chamber  is  pumped  by 


This  work  hns  been  carried  out  with  the  support  of  the  Alvey  Directorate  and  the  Science  and 
Engineering  Research  Council,  O.K. 
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•  nitrogen-ballasted  Root*  puap  coablnatlon, 
with  the  poop  opood  -  and  Itanca  cbanbor 
pmim  -  controlled  by  a  throttle  valve. 
The  reactor  features  purpose-built  gas 
headline  equipment  and  control  aloctronlca. 
Iho  power  supply  for  the  glow  discharge  is  a 
0-800  Watt.  10-120  kHx ,  generator.  Purtber 
work  to  lnveatigate  the  characteristic*  of  the 
process  In  the  MBs  region  will  be  carried  out 
abort ly. 

The  silicon  substrates  are  placed  on  the 
earthed  lower  electrode,  which  Is  reslstlvely 
heated,  allowing  the  substrate  teaperature  to 
be  controlled  up  to  400BC.  This  foras  the  basis 
of  e  set  of  process  experlaents  outlined 
below. 


Figure  1;  Scheaatlc  dlagraa  of  the  plasaa 
deposition  ayatea. 


3.  PROCESS  CONDITIONS 

A  standard  set  of  process  conditions  was 
arbitrarily  chosen  as  a  basis  for  coaparlsons 


between  experlaents.  The 
as  follows: 

Chaaber  pressure 
HP,  flow  rat* 

8,  flow  rat* 

SObstrat*  teaperature 
rf  Power 


standard  process  Is 


280  aTorr 
10  seen 
30  seen 
280'  C 

28  N  •  lOOkh 1 


The  gas  flow  rates  are  In  the 
atolchlowatrlc  ratio  for  the  hydrogen 
reduction  of  tungsten  hexafluoride: 

«Fa  ♦  3Hj  — >  N  +  SHF 

The  rf  power  corresponds  to  a  power  density 
of  8  aWcs"2  In  this  ayaten. 

In  the  work  described  here  we  have  varied: 

(1)  The  ratio  of  :lj  between  1:1  and  1:10; 

(2)  The  WF^  flow  rate  between  0  and  18  seen; 

(3)  The  substrate  teaperature  between  150° C 
and  400° C; 

(4)  The  pressure  between  200  and  1000  aTorr. 
The  silicon  and  oxide  coated  wafers  were 

given  a  vapour  clean  In  organic  solvents, 
followed  by  an  RCA  clean  [71,  which  was  found 
to  Inprove  adhesion  of  the  fllas 
significantly,  although  It  did  not  affect  the 
properties  of  the  fllas  theaselves. 

4.  RESULTS  AND  DISCUSSION 

The  quality  of  the  deposited  flla  surface 
was  assessed  by  optical  alcroacopy  using 
Noaarskl  Interference  contrast.  The  deposition 
rate  was  deteralned  by  alcrogravlaetrlc 
aeasureaents ,  and  the  sheet  resistance  of  the 
fllas  was  neasured  using  a  four-point  probe. 
The  sheet  resistance  was  approxiaately 
inversely  proportional  to  the  deposition  rate, 
confining  the  general  observation  of  Green 
and  Levy  [8]  that  the  resistivity  of  tungsten 
is  approxiaately  constant  for  fllas  greater 
than  SO  na  thickness. 

The  deposited  files  have  been  In  the  range 
80-460  na  thickness,  with  resistivities  of 
between  18  and  30  alcroha-cn.  The  lowest  sheet 
resistances  observed  were  around  0.6  ohna  per 
square  In  fllas  grown  at  380  to  400° C;  the 
process  tine  was  20  alnutes. 

Host  of  the  work  has  been  carried  out  on 
silicon  substrates,  where  the  Initial  reaction 
Is  one  of  silicon  reduction  of  the  NF^  to  fora 
an  Initial  tungsten  layer  [»].  Once  all  the 
silicon  sites  have  been  used  up  the  deposition 
proceeds  by  hydrogen  reduction  of  NF^ . 
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The  adhesion  «f  the  tuagetea  files  ta 

*11 Icon  la  generally  goad,  although  tha 
adhesion  and  deposition  rata  caa  ba  affactad 
by  dapaaltion  an  tha  cbaabar  Mila.  Fllaa  have 
baaa  dapaaltad  aa  oxide  coatad  all  lean  Mfars, 
and  alaa  ante  glaaa.  Adhaaian  la  bath  eaaaa  ta 
Moraa  than  that  to  allicen  at  high  aubatrate 
taaparaturaa .  but  below  250* C  thay  ara 
coaparabla .  It  la  hopad  ta  produce  a 
coaplataly  non-aelactlva  procaaa  by  aaana  of  a 
aultabla  aurfaca  traataant. 

4.1  Variation  of  tha  gaa  flow  ratio 

Tha  lowest  raaiatlvlty  fllaa  aera  found  to 
occur  whan  tha  gaa  flow  ratio  ma 
approxlaataly  atolchioaatrlc,  auch  that  WF^ 
mo  equal  to  1:2.8.  At  lower  hydrogen 

concantrationa  competition  occurred  between 
depoaltlon  and  etching  raactloaa  due  to  the 
preaance  of  exceae  free  fluorine.  At  higher 
hydrogen  concantrationa  the  dapoaltlon  rate 
mb  reduced,  poaalbly  due  to  dilution  effecta. 
The  ratio  of  WF^  to  Hg  mb  fixed  at  1:3  for  all 
subsequent  experlaenta. 

4.2  Variation  of  the  gaa  flow  rate 

The  depoaltlon  rate  mb  hlgheat  at  a  HF^ 
riow  of  about  10  acca,  and  the  rata  fell 
rapidly  aa  tha  flow  rate  Ma  reduced.  Thia 
auggeated  that  the  procaaa  mb  Halted  by  aaaa 
tranaport;  that  la,  by  the  rate  at  which  the 
WF^  reached  the  reaction  chaaber.  The  reduction 
In  dapoaltlon  rata  aa  tha  flow  rata  waa 
lncreaaad  above  10  acca  My  ba  due  to  a 
reduced  dwell  tine  of  active  apeciea  In  the 
chaaber.  Tha  flla  quality  and  adhaalon  were 
batter  at  tha  lower  flow  rataa.  where  t.  • 
dapoaltlon  rata  mb  lower. 

4.3  Subatrate  taaparatura 

Tha  taaparatura  dependence  of  the 
depoaltlon  rate  mo  of  exponential  fora. 
Indicating  that  tha  reaction  which  took  place 
mb  of  an  hataroganaoua  character.  Tha 
apparent  activation  energy  of  the  plaaM 
enhanced  reaction  mb  0.28  aV  par  atoa, 
coapared  with  tha  publlahed  value  of  0.71  eV 
par  atoa  for  tha  CVD  procaaa  [10].  Thia 


auggeated  that  tha  rate-lleltiag  a  tap  waa 
wither  a  direct  lon-aurface  reaction  replacing 
tha  rate-1 laltlng  hydrogen  adaorptlon  atop  In 
tha  CVD  caaa .  or  that  tha  preaance  of  loa 
boabardaont  mb  reducing  tha  apparent 
activation  energy  of  tha  reaction.  Tha 
Arrhenlua  plot  of  the  aheet  realatance  la 
ahown  In  Figure  2. 

TEMPERATURE  °C 

400  350  300  250  2Q0  150 


20  1/kT  leV'1)  25 


Figure  2:  Arrhenlua  plot  of  the  aheet 
realatance  of  the  tungaten  film 


4.4  Chaaber  preaaure 

To  lnveatlgate  further  tha  chealcal 
behaviour  of  the  reaction,  the  variation  of 
the  depoaltlon  rata  with  chaaber  preaaure  Ma 
atudled.  The  gaa  flow  rataa  ware  aalntalned 
conatant,  and  the  preaaure  varied  by  adjusting 
the  punping  apaed.  Uonogenaoua  reactiona  ara 
largely  lnaenaltlve  to  preaaure  variatlona. 
Tha  reaction  occura  in  tha  gaa  phase  and  any 
solid  products  My  than  depoalt  on  the  Mfer. 
In  contrast,  heterogeneous  reactions  occur  by 
adaorptlon  of  the  noleculea  onto  the  surface 
where  thay  than  react.  Such  reactions  depend 
strongly  on  pressure  but  not  on  gaa  flow 
[12,13].  Tha  Initial  results .  displayed  In 
Figure  3,  show  that  above  about  300  aTorr  in 
the  chaaber,  the  depoaltlon  rate  mb  almost 
Independent  of  pressure,  and  My  thus  be 
classified  as  honogeneous.  for  the  reaction 
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mul  we  m  mine.  presentee  below  about  MO 
aTorr  should  proswte  ths  heterogeneous 
character  of  tha  react loo.  Work  la  currently 
■odor  Hay  to  Investigate  tha  low  preeeure 
regies  la  order  to  charaetarlaa  thla 
depoaltlon  reaction. 


Figure  3:  Dependence  of  growth  rate  on 
preaaure 


S.  CONCLUSIONS 

Adherent,  low  realatlvlty  tungaten  fllna 
have  been  depoalted  aucceaafully  onto  silicon 
eubstratea  using  Plasna-CVD  techniques.  Fllna 
can  be  grown  with  sheet  resistances  below  1 
oha  per  square  In  20  alnutes  at  process 
temperatures  of  between  250  and  400°  C . 

Further  studies  of  the  chealcal  kinetics 
are  In  progress  to  Investigate  the  effects  of 
the  rf  discharge  on  the  reaction  rates  and 
■achaalsas. 
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We  summarize  here,  our  present  understanding  on  the  mechanisms  of  formation  of  oxide 
films  grown  on  silicides  by  room  temperature  plasma  anodization.  The  studies  of  the 
oxygen  ions  and  cations  transport  processes  during  the  plasma  oxide  growth  on  sili¬ 
cides  of  various  refractory  metals  (Zr,  Hf  or  Ta)  and  rare  earths  (Gd,  Sm)  were 
carried  out  using  a  combination  of  nuclear  reaction  analysis,  Rutherford  backscat- 
tering  spectrometry  and  '®0  isotopic  tracing  experiments .  To  explain  the  results  on 
ionic  migration,  we  propose  a  model  based  on  a  "place  exchange  mechanism"  in  which 
molecular  entities  exchange  their  position  during  oxide  growth. 


1.  INTRODUCTION 

Due  to  their  low  resistivity  and  high  chemi¬ 
cal  stability,  silicides  are  finding  increasing 
applications  as  gate  or  interconnection  material 
in  the  very  large  scale  integrated  devices.  Mo¬ 
reover,  the  possibility  to  produce  on  silicides  a 
protective  coating  (electrically  insulating  oxi¬ 
de)  offers  inherent  advantages  in  multilevel  me¬ 
tallization  schemes.  To  successfully  utilize  si¬ 
licides  in  device  fabrication,  a  good  understan¬ 
ding  of  their  oxidation  behaviour  as  well  as  of 
the  properties  of  the  grown  oxides  is  required. 
As  a  result,  a  good  deal  of  work  on  the  thermal 
oxidation  of  silicides  has  been  done  over  the 
past  years  [l,2]. 

An  interesting  feature  of  the  thermal  oxida¬ 
tion  of  most  silicides  is  that  the  growing  oxide 
appears  to  be  pure  SiO^,  while  the  integrity  of 
the  silicide  is  preserved.  This  may  be  related, 
in  part,  to  the  oxygen  transport  through  the 
oxide  and  to  the  rapid  migration  of  Si  and  metal 
atoms  through  the  silicide. 

We  have  studied  the  possibility  of  growing 
oxide  films  on  silicides  by  a  low  temperature 
and  dry  process  :  anodization  in  an  oxygen  plas¬ 
ma  [3,4]  .  Thus,  we  have  shown  that  thick  oxide 
filaw  can  be  grown  on  refractory  metal  (Zr,  Hf 
or  Ta)  silicides,  or  on  rare  earth  (Gd,  Sm) 


silicides  at  room  T.  Use  of  the  term  "plasma  a- 

nodization"  indicates  that  the  potential  at  the 

surface  of  the  sample  (Vs)  is  determined  by  the 

plasma  parameters,  and  that  the  substrate  to  be 

oxidized  is  positively  biased  (Vfe)  with  respect 

to  V  .  The  resultant  mean  electric  field E  across 
s 

the  oxide  of  thickness  d  is  defined  by  s 

E  -  (V.  -  V)  /  d 

0  8  6  7 

This  field,  which  is  in  the  range  10  to  10  V/cm 

is  the  driving  force  for  the  migration  of  ions 
through  the  oxide  leading  to  the  growth  of  thick¬ 
er  films.  One  important  difference  from  the  ther¬ 
mal  oxidation  of  silicides  is  that  the  plasma  a- 
nodization  leads  to  an  oxide  formation  which  does 
not  affect  in  any  way  the  silicon-silitide  inter¬ 
face  since,  because  of  the  low  T  of  formation, 
any  atomic  transport  through  the  silicide  can 
be  ignored. 

In  this  paper,  we  present  the  results  of  our 
study  on  the  oxygen  ions  and  cations  transport 
processes  during  plasma  anodization  of  silicides. 
The  case  of  silicides  is  by  itself  very  attrac¬ 
tive,  since  the  presence  of  two  distinct  cationic 
species  offers  an  alternative  to  isotopic  tra¬ 
cing  of  cations.  In  this  work,  the  combined  use 
of  isotopic  tracing  and  transport  number  measu¬ 
rements  leads  to  information  on  oxide  growth  me¬ 
chanisms  which  are  not  compatible  with  the  clas- 
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sical  treatment  baaed  on  point  defect  migration. 
Hence,  we  propose  to  describe  the  ionic  movement 
under  high  field  via  a  place  exchange  mechanism 
between  molecular  groups. 

2.  EXPERIMENTAL 

The  ailicides  were  obtained  either  by  heat 
treatments  of  thin  deposited  films  (Zr,  Hf,  Gd 
or  Sm)  onto  Si,  or  by  co-aputtering  form  Ta  and 
Si  targets  on  Si  substrates  followed  by  a  vacuum 
annealing.  The  plasma  anodizations  were  carried 
out  in  the  multipolar  plasma  set-up  previously 
described  [3,5]  .  In  this  system,  the  magnetic 
confinment  of  the  primary  electrons  allows  the 
production  of  dense  plasmas  at  low  pressure 
(5.1(fA  Torr). 

Rutherford  backscattering  spectrometry  (RBS) 
was  used  to  determine  the  stoichiometry  of  the 
as- formed  silicidepand  plasma  grown  oxides  as 
well  as  the  depth  distribution  of  the  cations 

after  the  plasma  anodization.  The  overall  '^0 
18 

and  0  contents  of  the  oxide  films  were  measu¬ 
red  using  respectively  the  180(d,p) *70*  and  ,80 

«  r  4  0 

(p,a)N  nuclear  reactions  [6]  .  The  0  depth 

profiles  in  the  oxide  films  were  obtained  by  the 

18 

analysis  of  the  excitation  curves  of  the  0(p, 
a)'^N  nuclear  reaction  near  the  2  KeV  wide  629 
KeV  resonance [7  ]  . 

3.  RESULTS  AND  INTERPRETATIONS 

Fig.  1  represents  RBS  spectra  recorded  for  Sm 
ailicides  at  various  steps  of  the  plasma  anodi¬ 
zation.  These  results  are  characteristic  of  the 
behaviour  of  ailicides  since  similar  spectra  we¬ 
re  obtained  on  Zr,  Hf,  Ta  or  Gd  silicides.  In 
Fig.  1 ,  the  shape  of  the  am  and  Si  contributions 
indicates  the  formation  of  a  mixed  oxide,  the 
thickness  of  which  increases  with  anodisation 
potential.  A  surface  peak  is  observed  in  the  Sm 
part  and  it  indicates  an  increase  in  the  Sm  oxi¬ 
de  concentration  in  the  near  surface  region,  as¬ 
sociated  with  a  corresponding  SiOj  depletion.  In 
the  bulk  of  the  oxide  mixture,  the  ratio  of  Sm 
to  Si  oxide  concentration  appears  fairly  cons¬ 
tant.  The  Sm  surface  peak  shows  an  evolution  du- 


FIGURE  1 

RBS  spectra  for  SmSi2  anodized  in  plasma  at 
various  potentials. 

ring  oxide  growth  :  up  to  75  volts,  the  peak 
area  increases,  and  then,  with  further  potential 
increase  it  does  not  show  any  change  while  the 
overall  oxide  thickness  always  increases. 

This  behaviour,  observed  whatever  the  sili¬ 
cides,  has  been  correlated  to  the  variation  of 
the  mean  electric  field  E  during  plasma  anodiza¬ 
tion.  E  first  decreases  sharply  with  oxide  thidt- 
ness,  then  more  slowly  tending  towards  a  limit 
value.  Thus,  a  general  description  can  be  given: 
for  small  thicknesses,  E  is  high  (>  5.10**  V/cm) 
and  the  surface  of  oxide  shows  an  enrichment  in 
M  oxide  (M  for  Zr,  Hf,  Ta,  Gd  or  Sm)  associated 
with  a  corresponding  Si02  decrease,  the  reverse 
being  observed  near  the  substrate  ;  as  the  thick¬ 
ness  increases,  the  M  oxide  surface  enrichment 
increases  until  the  value  of  the  field  has  de¬ 
creased  to  below  5  108  V/cm,  where  upon  the  sur¬ 
face  enrichment  in  M  oxide  stops,  while  in  the 
bulk,  the  oxide  mixture  tends  towards  the  stoi¬ 
chiometry  deduced  from  the  silicide  composition. 

These  results  show  that  cations  (M  and/or  Si) 
take  part  in  oxide  growth  during  plasma  anodiza¬ 
tion  of  silicides.  In  fact,  if  we  assume  that 
the  growth  is  only  due  to  the  moveaient  of  oxy¬ 
gen  ions,  the  ratio  of  M  to  Si  oxide  concentra¬ 
tion  must  be  constant  through  the  film,  since 
oxygen  movement  cannot  induce  a  mixing  of  ca¬ 
tions.  Moreover,  the  diffusion  of  Si  atoms  at 
room  temperature ,  the  migration  of  Si  cations 


■gainst  th*  high  electric  field  and  Si  surface 
losses  are  ell  highly  unlikely.  So  Che  surface 
enrichment  in  M  oxide  evidences  the  fact  chat  M 
cations  take  pert  in  the  transport  events.  The 
correlation  between  the  evolution  of  the  oxide 
depth  distribution  and  the  naan  electric  field 
shorn  that  the  higher  (be  field,  the  higher  the 
enrichment  of  M  oxide.  This  means  that  the  move¬ 
ments  are  assisted  by  the  electric  field  and  on¬ 
ly  occur  during  oxide  growth,  since  experiments 
carried  out  by  biasing  the  sample  in  Ar  plasma 
(without  oxide  growth)  show  that  the  oxide  mix¬ 
ture  remai.is  unchanged. 

This  conclusion  (movements  of  M  cations  du¬ 
ring  oxide  growth)  is  in  contradiction  with  the 
results  of  the  measurements  of  the  transport  num¬ 
ber  of  cations  t+  during  plasma  anodization  [8] . 
In  fact  t+,  i.e.  the  relative  fraction  of  oxide 
formed  by  cation  migration  has  been  investigated 
in  oxide  grown  on  ZrS^  using  Xe  atom  markers. 

RBS  was  used  to  determine  the  possible  change  in 
Xe  marker  position  related  to  the  change  in  oxi¬ 
de  thickness.  For  ZrSij  plasma  anodization  [8]  , 
the  position  of  these  markers  remains  unchanged 
during  oxide  growth  yielding  t+  'v  0.  Thus,  this 
marker  experiment  indicates  that  the  oxygen  ion 
is  the  sole  moving  species  during  plasma  oxide 
growth.  This  leads  to  the  following  question  : 
how  is  it  possible  to  have  simultaneously  only 
oxygen  ion  migration  and  a  M  oxide  surface  enri¬ 
chment  suggesting  M  ion  movements  during  oxide 
growth  ? 

In  order  to  explain  how  oxygen  movements  can 
induce  a  segregation  in  cations,  we  propose  an 
interpretation  which  is  based  on  a  place  exchan¬ 
ge  similar  in  some  respects  to  that  suggested  by 
Fromhold  [9] ,  but  implying  M  and  Si  molecular 
groups  as  cation  like  and  oxygen  like  complexes . 
He  assume  that  a  M  molecular  group  (M^)  posi¬ 
tively  charged  exchanges  its  position  with  a  Si 
molecular  group  (Si^O^)  negatively  charged.  The 
high  field  will  favour  the  preferential  movement 
of  M  groups  in  the  field  direction  i.e.  towards 
the  oxide  plasma  interface.  As  a  result,  the  M 
oxide  concentration  will  increase  (with  respect 


to  Si  oxide)  in  the  near  surface  region. 

This  place  exchange  mechanism  can  be  seen  as 
the  reversal  of  an  electric  dipole  (Ma0x)*  - 
(Sia0y)  under  the  applied  electric  field,  and 
the  propagation  of  such  an  elemental  event  across 
the  oxide  mixture  leads  to  the  transport  of  char¬ 
ge  (ionic  current)  from  an  interface  to  the  other 
and  to  the  oxide  growth.  In  this  description, 
there  are  no  net  cation  movements  since  M  and  Si 
exchange  their  places,  and  there  will  not  be  oxi¬ 
de  growth  at  the  outer  surface  due  to  cationic 
migration,  i.e.  t+  'v  0.  In  fact,  this  place  ex¬ 
change  mechanism  leads  to  the  equivalent  movement 

of  oxygen  ion  (0  )  towards  the  oxide-substrate 

y— x 

interface,  and  this  will  contribute  to  oxide 
thickening  at  this  interface  with  respect  to  the 
Xe  markers,  i.e.,  oxide  growth  only  occurs  by 
oxygen  movements. 

This  mechanism  is  therefore  a  description  of 
an  oxygen  ion  movement  and  a  consequence  can  be 
inferred.  It  involves  the  simultaneous  movement 
under  the  applied  field  of  neighbouring  molecular 
groups,  i.e.  the  exchange  distance  will  not  be 
very  much  higher  than  the  interatomic  distance. 

As  a  result,  this  should  imply  the  conservation 

of  the  order  of  the  oxygen  atoms  during  an  iso- 
18  16 

topic  tracer  experiment  0/  0. 


FIGURE  2 

«*0  and  Zr  oxide  depth  profiles  in  plasma  oxide 
grown  on  ZrSi2* 
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To  chock  this  point,  ouch  experiments  wore 

tfi 

carried  out  and  Tig.  2  represents  the  0  depth 
profiles  in  pisses  from  oxides  on  Zr  silieides. 
After  the  oxide  foreetion  (Fig,  2a),  the  **0 
plates  anodization  (Fig.  2b  to  2d) leads  to  e 
partial  inversion  of  the  order  of  oxygen  atone 
since  atoms  are  found  at  the  oxide-substrate 
interface.  However,  part  of  the  '^0  atoms,  co¬ 
ming  from  the  plasaa,  preserves  their  order  with 
18 

respect  to  the  0  atoms,  already  fixed,  since 
a  pure  oxide  layer  is  foreed  at  the  outer 
surface.  The  thickness  of  this  '^0  surface  layer 
increases  with  the  overall  oxide  thickness  up  to 
Fig.  2c  for  which,  the  nean  electric  field  is 
equal  to  about  5.10^  V/cm.  With  further  oxide 
growth  (Fig.  2d)  the  mean  field  decreases  and 
the  thickness  of  the  pure  oxide  surface  layer 
remains  constant.  At  the  same  tine,  the  Zr  oxide 
concentration,  also  presented  in  Fig.  2,  which 
increases  in  the  surface  region  up  to  Fig.  2c, 
remains  constant  in  this  region  for  further 
growth  (Fig.  2d).  Thus  a  simple  analysis  of  Fig. 

2  indicates  that  the  pure  160  oxide  layer  corres¬ 
ponds  to  the  surface  region  of  high  Zr  oxide 
concentration.  This  is  evidence  for  a  correla¬ 
tion  between  Zr  oxide  surface  enrichment  and 
oxygen  ion  migration  with  conservation  of  the 
order  of  oxygen  atoms,  which  leads  to  Che 
oxide  layer  formation. 

He  thus  conclude  that  a  correlation  exists 
between  the  Zr  cation  and  oxygen  ion  movements. 
Such  a  correlation  is  expected  in  the  frame  work 
of  our  assumption  since  we  have  predicted  that 
the  order  of  oxygen  atoma  will  be  preserved  by 
the  oxygen  migration  associated  with  the  place 
exchange  mechanism  which  implies  cations  move- 
neats  . 

A.  CONCLUSIONS 

Classically,  the  ionic  transport  under  high 
electric  field  during  oxide  growth  is  explained 
by  the  thermally  activated  motion  over  discrete 
energy  barriers  of  point  defects  like  vacancies 
or  interstitials.  The  results  presented  in  this 
paper  on  the  oxygen  ion  and  cation  transport 


processes  during  plasma  anodisation  of  silieides 
are  not  compatible  with  the  classical  treatment 
based  on  point  defect  migration.  To  explain  these 
results,  we  propose  to  describe  oxygen  ion  mi¬ 
gration  via  place  excha'ge  between  molecular 
groups,  the  elemental  transport  event  involving 
the  simultaneous  movement  of  cations  and  oxygen 
ions. 

However,  such  a  description  gives  rise  to 
numerous  questions  on  the  existence  of  such  mo¬ 
lecular  groups,  and  on  the  ability  of  the  oxide 
to  support  such  an  important  disturbance  during 
the  place  exchange  itself.  In  fact,  in  the  pro¬ 
cess  the  oxide  network  can  be  locally  destroyed 
during  the  movement,  or  it  may  only  lose  its  ri¬ 
gidity  during  the  charge  transport  event.  Fur¬ 
ther  work  is  needed  to  give  a  detailed  micros¬ 
copic  description  of  the  place  exchange  mecha¬ 
nism. 
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INTRODUCTION 

The  limitations  of  dopad  polycryatallina 
silicon  and  aluainiua  as  gata  and  intarconnact 
materials  are  wall  known.  The  relatively  low 
raaistivity  of  aetal  silicidaa,  together  with 
their  oxidisability  has  made  than  attractive 
candidates  for  replacing  polycryatallina 
silicon  gates  and  interconnects.  At  present 
silicida  formation  is  achieved  by  metal  depos¬ 
ition  or  co-deposition  of  aetal  and  silicon 
followed  by  a  high  temperature  anneal.  LPCVD 
processing  has  not  generally  been  successful 
for  aetal  silicides.  The  dynamic  recoil  mixing 
technique  described  here  utilises  a  single  ion 
beam  both  to  deposit  aetal  and  to  mix  the  metal 
and  silicon  layers,  and  provides  a  low  temper¬ 
ature  route  to  silicida  formation. 

ION  BEAM  MIXING 

A  number  of  workers  such  as  Tsai  et  al  [1] 
and  Tsaur  et  al  [21  have  used  ion  beam  mixing 
to  promote  substantial  atomic  mixing  at  the 
metal-silicon  interface,  the  projected  range 
of  the  incident  ions  must  be  sufficiently  large 
for  a  substantial  proportion  i:o  cross  the 
interface.  Consequently,  beam  energies  in  ex¬ 
cess  of  100  keV  are  usually  required  for  the 
commonly  used  species  such  as  As+,  P+  or  Ar+ 
resulting  in  a  high  level  of  damage  which  must 
than  be  annealed.  The  advantage  of  low  temper¬ 
ature  processing  is  tharefore  lost.  By  main¬ 
taining  a  thickness  of  metal  on  the  substrate 
surface  which  is  leas  than  that  required  to 


form  the  complete  silicide  layer,  the  beam 
energy  can  be  reduced  by  an  order  of  magnitude 
to  10-40  keV,  resulting  in  a  much  lower  level 
of  damage. 

DYNAMIC  RECOIL  MIXING 

The  original  dynamic  recoil  mixing  (DRM) 
technique  has  been  described  at  length  else¬ 
where  [3],  [4]  and  is  illustrated  in  figure 
1.  A  10  keV  ion  source  is  used  to  bombard 
a  surface  film.  If  the  energy  of  the  bombard¬ 
ing  beam  is  adjusted  so  that  the  maximum  in  ' 
deposited  energy  is  near  to  the  metal-silicon 
interface  considerable  atomic  mixing  will 
occur.  However,  the  bombarding  beam  will  also 
back  sputter  the  metal  film  which  is  renewed 
by  using  a  second  ion  source  (1-2  keV)  to 
simultaneously  sputter  from  a  metal  target. 
Adjustment  of  the  relative  fluxes  of  the  two 
ion  beams  results  in  a  dynamic  equilibrium 
such  that  the  metal  layer  thickness  remains 
constant.  Under  such  conditions  significant 
recoil  mixing  occurs.  Using  this  technique, 

10  nm  films  of  cobalt  have  been  recoil  mixed 
with  400  nm  polycrystalline  silicon  layers 
grown  on  silicon  dioxide  [5].  Following  an 
electron  beam  anneal,  sheet  resistivities 
less  than  7(1/ sq  were  measured  for  the  recoil 
mixed  films.  This  value  is  16Z  lower  than 
those  measured  for  silicide  layers  formed  by 
metal  deposition  and  given  an  identical  elec¬ 
tron  beam  anneal.  Rutherford  Backscattering 
Spectrometry  (RBS)  showed  that  the  uniformity 
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of  the  recoil  mixed  inpUi  wi  considerably 
bat tar,  with  uniform  CoSij  layers  forma d 
to  a  dapth  of  ISO  nm. 

In  tha  original  experimental  apparatus  tba 
film  thickness  was  monitored  uaing  a  quarts 
crystal,  but  dua  to  tha  cross  saction  of  tha 
baam  it  was  not  possible  to  continuously  non* 
itor  tha  film  thicknass  during  DRM.  The 
quarts  crystal,  but  dua  to  tha  cross-saction 
of  the  baaa  it  was  not  possible  to  continuously 
monitor  tha  film  thicknass  during  DSN.  Tha 
quarts  crystal  was  therefore  used  to  sat  up 
an  initial  dynamic  balance  on  the  assumption 
that  it  would  remain  constant  during  tha  period 
of  processing.  It  was  subsequently  shown  by 
RBS  that  this  assumption  was  incorrect,  and 
that  the  film  thicknass  grew  during  tha  DRM 
process.  This  resulted  in  tha  movement  of 
the  position  of  maximum  energy  transfer  away 
from  the  metal-silicon  interface  into  tha  bulk 
film. 

MODIFIED  DYNAMIC  RECOIL  MIXING 

A  prototype  system  for  the  deposition  of 
CoSij  for  use  in  VLSI  circuits  has  been  dev¬ 
eloped  and  built  based  on  a  modified  DRM  tech¬ 
nique  as  shown  in  figure  2.  It  makes  use  of 
constant  film  thickness  monitoring  allowing 
for  a  more  accurate  dynamic  balance,  a  single 
ion  source  for  both  sputtering  and  mixing  and 
a  rotating  carousel  capable  of  holding  five 
3-inch  silicon  wafers. 

It  was  decided  to  incorporate  an  electro¬ 
static  beam  deflection  system  to  cycle  the 
beam  between  the  sputtering  and  nixing  nodes 
because  of  its  inherent  simplicity  compared 
with  splitting  the  single  beam  into  two  sub¬ 
beams.  Using  this  new  configuration,  it  is 
not  possible  to  dynamically  balance  the  new 
material  arriving  at  the  surface  with  the  back- 
sputtered  material.  A  new  method  was  therefore 
devised  where  material  is  sputtered  onto  the 
substrate  to  a  thickness  slightly  greater  than 
the  projected  range  of  the  mixing  ions,  the 
ion  beam  being  deflected  towards  the  sputter 


target.  On  reaching  the  pre-set  thickness 
the  beam  is  switched  from  tbs  sputter  to  the 
mix  mode  where  it  remains  until  the  sputtered 
film  is  reduced  to  a  thickness  slightly  less 
than  the  projected  range.  The  ion  beam  is 
then  switched  back  to  the  sputter  mode  ar.d 
the  whole  process  repeated  until  the  required 
dose  is  attained.  Automatic  control  of  the 
above  process  is  achieved  by  the  use  of  an 
optical  film  thickness  instrument,  which  con¬ 
tinually  monitors  the  film  thickness  by  meas¬ 
uring  the  light  transmittance  of  the  film 
deposited  onto  a  glass  slide. 

The  single  ion  beam  DRM  therefore  relies 
on  the  thickness,  t,  of  the  film  oscillating 
by  an  amount  dt  between  two  set  points  either 
side  of  the  projected  range.  This  has  the 
overall  effect  of  moving  the  position  of 
maximum  energy  transfer,  t,  of  the  mixing 
ions,  from  the  film,  through  the  metal-silicon 
interface  and  into  the  substrate;  i.e.  from 
t  -  dt  to  t  +  dt  (as  with  ion  beam  mixing). 

More  metal  is  then  sputtered  onto  the  substrate 
and  the  process  is  repeated. 

Sputter  deposition  rates  for  cobalt  up 
to  4nm/minute  have  been  achieved  so  that  150  nm 
of  CoSi^  should  be  formed  in  well  under  an 
hour.  It  is  hoped  that  the  prototype  des¬ 
cribed  here  will  lead  to  the  development  of 
a  DRM  machine  capable  of  production  wafer 
throughput . 

OTHER  SUICIDES 

While  the  main  application  of  this  work 
has  been  to  develop  a  DRM  process  for  CoSi^ 
formation;  it  is  useful  to  make  some  compar¬ 
isons  with  the  formation  of  other  silicides 
which  have  been  produced  using  ion  beam  mixing. 
The  main  parameters  comparing  thermal  and 
ion  beam  mixed  growth  appear  in  table  1  [6], 
171,  [8],  [9J  where  Tc  is  the  critical  temper¬ 
ature  below  which  no  compound  formation  takes 
place.  It  can  be  seen  that  most  silicide 
phases  are  formed  at  room  temperature  if  ion 
beam  mixing  is  used  in  contrast  with  thermally 
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Activation 

Energy 
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eV 

Growth 

Vs 

Tims  t 

Tc 

(Ion  Beam) 
Induced 

•c 

Activation 

Energy 
(Ion  Beam) 
eV 

Growth 

Vs 

Flux  p 

Ion 

Species 

CrSi2 

450 

1.8 

t 

RT 

0.18 

4 

Cr 

MoSi2 

540  -  1150 

4.1 

t0.5 

150 

0.92 

#0.5 

Ax 

TiSi2 

600 

1.5 

t0.5 

RT 

0.2 

^0.5 

Xe 

TaSi2 

650 

3.7 

t 

RT 

0.18 

4 

Ar 

CoSi2 

550 

RT 

4°‘5 

Xe 

CoSi 

375  -  500 

1.9 

fc0.5 

>RT 

Xe 

Co2Si 

350  -  500 

1.5 

t0.5 

RT 

0.23 

4°-5 

Xe 

NiSij 

>750 

RT 

Xe 

NiSi 

350  -  750 

1.4 

t0.5 

>RT 

0.1 

4O.5 

Ni.Xe 

Ni2Si 

200  -  350 

1.5 

t0.5 

-100 

0.1 

*0.5 

Ni.Xe 

activated  compound  formation.  Nora  recently, 
there  has  been  evidence  that  the  phase  formed 
is  dependent  upon  the  nuclear  energy  loss  at 
the  interface  [8].  The  consequence  of  this 
result  may  be  that  optimisation  of  the  mixing 
dose  and  any  subsequent  annealing  cycle  could 
be  considered  more  complex  than  a  simple  ior 
beam  mixed  compound  would  imply.  Further 
investigation  is  required  to  clarify  these 
points. 
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Among  the  sensors  able  to  be  integrated  with  VLSI  technologies,  the  gated  micromagnetodiode  is  one  of  the 
most  attractive  magnetic  sensors  due  to  its  simple  design,  size  and  good  sensitivity. 

Micromagnetodiodes  have  been  fabricated  on  Sihcon-On-Insulator  technology.  Experimental  results  concer¬ 
ning  magnetic  sensitivity,  current-voltage  characteristics  and  transconductance  are  compared  to  simple  models 
which  allow  to  understand  more  easily  the  physical  behaviour  of  gated  double-injection  devices. 


1.  INTRODUCTION 

It  is  known  that  an  exact  behaviour  of  gated  devices 
made  with  silicon  films  on  insulator  could  only  be  obtained 
by  solving  Poisson’s  equation  in  the  structure.  Numerical 
simulations  of  such  solutions  have  recently  been  proposed  [1], 
namely  with  the  program  ISIS-1  (one  dimensional  analysis 
along  the  direction  :  gate-Si07-Si  film-insulating  substrate  and 
back  contact).  This  has  led  to  a  better  understanding  of 
electrical  properties  of  enhancement-type  and  depletion-type 
thin  film  SOI  MOSFET  [2],  A  very  similar  technology  is  used 
to  realize  magnetic  microsensors,  e.g.  the  gate-controlled 
micromagnetodiodcs  (insert  of  Fig.  1). 

Magnetodiodes  are  double-injection  p+nn+  structures 
which  can  be  integrated  with  Silicon  On  Sapphire  technology. 
The  recently  superimposed  Si-poly  gate  appears  to  strongly 
influence,  the  device  characteristics  (Hg.1)  [3], 

In  this  paper,  simple  models  are  proposed  in  order  to 
describe  and  analyze  the  properties  (magnetic  sensitivity, 
current-voltage  characteristics,  gate  influence,  „.)  and  the  main 
parameters  of  the  gated  magnetodiodes. 


2.  THE  MAGNETODIODE  EFFECT  AND  RELEVANT 
PARAMETERS 

Magnetodiode  sensors  belong  to  the  family  of  semi¬ 
conductor  magnetic  sensors  based  on  carrier  concentration 
under  crossed  electric  and  magnetic  fields  [4,5]. 

The  carriers  are  injected  into  the  n  region  (low-doped 
"base"  of  the  device)  by  p+ (anode)  and  n+ (cathode) 
contacts.  They  form  an  e-h  plasma  which  is  deflected  by  a 
transverse  magnetic  field  B  (applied  along  z  direction)  towards 
one  of  the  two  asymmetric  surfaces  (in  Silicon  On  Sapphire 
the  carrier  recombination  velocity  Sj  at  the  Si-AljOj  interface 
is  much  higher  than  sa  at  the  Si-SiOz  interface;  see  insert  of 
Fig.1).  Therefore  the  carrier  profiles  in  the  Si  film  depend  on 
the  magnetic  field  polarity  and  intensity,  which  leads  to 
variations  of  the  mean  resistance  of  the  structure. 

The  current-voltage  characteristics  [6,7,8]  are  given  by  an 
extension  of  the  well-known  double-injection  law,  i.e.  in  the 
ohmic  and  semiconductor  regimes  : 

f  =q(n0Hn  +  PoMp)  Ve/L+ 

+  (9/8) q MnMp  ln0-p0l-reffvDI''LJ  (1) 
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vB  <v> 

Figure  1  Configuration  of  Silicon-On-Sapphire  p+nn  +  gated  micro- 
magnetodiode  and  typical  experimental  characteristics  1vs.Vq 


where 

J  is  the  mean  current  density  across  the  device  section, 

Vq  the  sotage  applied  between  anode  and  cathode, 

L  the  length  of  the  "base*, 
q  the  elementary  electric  charge, 

Oq  and  po  the  ggiijQtlillBl  carrier  concentrations, 

Hn  and  Hp  the  carrier  mobilities. 

tgff  which  can  be  considered  as  an  ’effective*  carrier 
lifetime  is  a  key  parameter,  taking  into  account  surface  and 
magnetic  field  influences  [6,73].  For  low  magnetic  inductions 
(H*  B*d),  r  ^  is  given  by : 

reff“*v<1-*s+*cExB)  (2) 

where  rv  is  the  carrier  bulk  lifetime. 

g(  and  gc  coefficients  account  respectively  for  the  surface 
and  the  carrier  concentration  effects  ;  they  depend  on  the 
recombination  parameters  (bulk  and  surface),  the  diffusion 
length  and  the  device  (film)  thicknesa  b. 

3.  A  SIMFLK  MODEL  AND  ITS  LIMITATIONS 

The  following  drastic  simplification  is  used  in  the  simplest 
model :  the  problem  win  be  considered  to  be  one-dimensior  i 
by  taking  in  eq.  (1)  and  (2)  only  fire  mean-values  of 
parameters  able  to  vary  along  y  direction.  Despite  the  fact 
that  in  such  a  case  it  is  impossible  to  study  the  gate  influence, 
it  can  be  useful  for  analyzing  dm  influence  of  technological 
and  geometrical  (»o-p0,  m.  rw  b,  L,  device  width  Z) 
or  electrical  (Vjy)  parameters  on  quantities  such  as  the 
current  magnetic  sensitivity  Sj.  We  define,  for  a  constant 
voltage  Vq  applied  to  the  magnetodiode : 


Sj  -  &I/AB  ,  where  1  -  JbZ  is  the  current  across  the 
device. 

For  two  opposite  directions  of  the  magnetic  field  (+B  and 

-B),  we  get  from  eq.(l)  and  (2)  : 


Figure! 


Experimental  and  curves  of  current  magnetic 

sensitivity  Sj  at  different  Vjy  for  long*  micromagnetodiodes. 
Simulation  parameters  :  yt,,- 200cm W*  Hp “90cm*/V* 
rv - 20ns,  s4  -  10m/s,  sg  -  200m/t,  Si  film  thickness  b-0.6Hm. 
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This  calculation  appears  to  be  in  correct  agreement  with 
experimental  results  for  ‘long’  S.Q&  magnet  odindrs 
(La  15pm)  (Fig.  2)  and  the  influences  of  the  main  parameters 
are  wefl  verified. 

This  simple  model  also  show  that  the  aensitivhy  Sj  would 
increase  with  the  recombination  velocity  sx  at  Si- Insulator 
interface  and  would  be  inversely  proportional  to  the  recom¬ 
bination  velocity  Sj  at  S*-SiOx  interface. 

In  short  magnetodiodes,  the  infinence  of  the  gate  voltage 
Vq  on  Si  is  stronger,  and  the  assumptions  corresponding  to 
this  simplified  model  are  not  always  suitable  so  that  there  is 
not  a  good  agreement  between  experiment  and  eq.  (3)  (Fig3) 
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Experimental  and  simulated  curves  of  current  magnetic 
sensitivity  Sj  at  different  Vp  for  short  micromagnetodiodes. 
Simulation  parameters  as  in  Fig.2 


4.  A  MORE  PRECISE  MODEL 

Here  we  consider  that  the  carrier  transport  between 
anode  and  cathode  as  well  as  the  magnetic  field  influence  on 
1(VD)  characteristics  can  be  described  by  the  nearly  one- 
dimensional  equations  (1)  and  (2)  but  that  the  gate  influence 
essentially  consists  in  a  modification  of  the  equilibrium  carrier 
densities  t^y)  and  p0(y)  which  govern  the  double-injection 
process. 

Therefore  the  current  across  a  gate-controlled  double 
injection  structure  will  be  obtained  by  considering  that  the 
derice  richness  b  is  divided  into  m  parts  so  that  we  have  m 
elementary  magnetodiodes  connected  in  parallel : 

I  "  Z  |  J(y)  dy  -  2  I  J(y)  b/ta  <*) 


Silicon-On-Sapphire  magnetodiodes. 

Si  film  thickness  b»  0.6pm.  Simulation  parameters :  -reff -0.8ns. 
Qf/q :  (Si02) :  <1G10  cm**  ;  (sapphire) :  7.1B1*cur2 
Nss  :  (siaz)  :  51010  cm**e\r*  ;  (sapphire)  :  10**  cm**eV* 
pn  linearly  decreasing  from  350  cm2/V.s  (near  SiOz)  to 
70cm* /V^  (near  sapphire);  Hp  from  150  to  30  cm*/Va; 


J(y)  is  calculated  from  n<,(y)  and  p0(y),  after  solving  the 
Poisson’s  equation  by  a  numerical  method  :  ISIS-1  program 
[L2]  uses  a  one-dimensional  finite  difference  calculation  with 
a  nonlinear  overrelaxation  method  and  provides  the  potential 
♦(y)  and  the  electron  and  hole  densities  ^(y),  pQ(y)  inside  the 
film  for  each  gate  potential  Vq.  Then  the  current  charac¬ 
teristics  I(Vq)  is  deduced  (for  a  constant  voltage  Vq). 

Experimental  and  simulated  curves  for  I(Vq)  and 
transconductance  G^Vq)  are  presented  in  Fig.4  and  5,  and 
appear  to  be  in  fairly  good  agreement.  It  must  be  noticed  that 
the  simulated  curves  were  translated  by  a  constant  voltage 
Vq0  a  +  IV  which  exactly  corresponds  to  the  work-function 
difference  4\js  between  a  p +  -polysilicon  electrode  and  n-Si 
film  [9],  not  yet  included  in  the  program. 


Experimental  and  simulated  curves  of  transconductance 
Gg  vs .Vq  for  Silicon-On-Sapphire  magnetodiodes. 
Paramaters  as  in  Fig.4 
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Ako  note  ftat  the  pfeiai  and  for  shnelssed  « nan 
correspond  to  typical  nhm  rf  ptgdal  pmntn  »  &OA 
dmien  and  that  tke  nwnl  batons  nporiscst  tad 
idblw  ■  expected  to  be  nearly  perfect  with  >  2D 
anmcrical  rotation  ci  tbe  problem 

3.  CONCLUSION 

Then  simple  models  load  to  the  ccwchision  that  is  a 
gated  mgoetodiode,  the  donbie-iojactian  phesaannas  takn 
place  n  if  there  were  a  noo-uniformly  doped  base  with 
eqnaanam  carrier  concentrations  n^j)  and  p y(y).  Thus  we 
got  a  better  understanding  of  the  dominant  physical  effects  in 
tbe  gate-controlled  doublo-injection  process.  This  will  allow  to 
optimize  the  technological  parameters  as  sell  as  tbe  practical 
uses  of  such  sensors. 
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We  have  measured  electrical  resistance  R  as  function  of  temperature  T  In  the  range  2 
■r  20  K  of  several  P  implanted  Silicon  bolometers  with  the  atm  of  optimize  the 
characteristics  of  the  bolometers.  We  have  investigated  the  R(T)  behavior  of  several 
samples  obtained  by  varying  implant  conditions,  depth  profile  and  annealing. 


1.  INTRODUCTION 

P  implanted  Silicon  bolometers  have  been 
used  recently  for  detection  of  molecular 
beams,  infrared  radiation  (1),  alpha 
particles  <1),(2),(3),  X  rays  (4)  and 
ballistic  phonons  (5)  ,  shoving  a  large  use  in 
different  fields  of  physics  and  chemistry  such 
as  astrophysics,  surface  science,  atomic  and 
molecular  physics,  laser  spetroscopy,  nuclear 
and  subnuclear  physics. 

Silicon  P  doped  low  temperature  bolometers, 
doped  with  the  method  of  the  ion  implantation, 
have  been  realized  by  several  authors  (1), 
(6).  This  method  offers  several  advantages 
over  the  diffusion-doping  since  this  technique 
allows  to  create  thin  doped  films  which  in 
consequence  have  very  fast  rasponce  time  (5). 

The  aim  of  the  present  work  is  to  gain 
insight  in  the  physics  of  the  variable  range 
hopping  conduction  on  which  is  based  the 
working  principle  of  the  bolometer  and  at  the 
mean  time  to  Investigate  the  influence  of  the 


thermal  treatment  of  the  sample  on  the 
electrical  conduction. 

2.  EXPERIMENT 

2.1.  Experimental  set  up 

The  apparatus  to  measure  the  electrical 

resistance  R  of  Silicon  P  doped  samples  in  the 

range  1-20  K  it  will  be  described  elsewhere 

(7).  Here  we  limit  ourself  to  give  a  short 

description  of  the  method  used  to  measure 

R(T).  It  is  based  on  the  measurement  of  the 

sample  resistance  by  using  a  standard  lock-in 

amplifier.  This  allows  to  measure  resistance 

in  the  range  10  M  ohm  -1  K  ohm  dissipating  1 

nWatt-  0.1  pWatt  in  the  sample  in  order  to 

avoid  self  heating.  The  sample  is  Inserted  in 

a  chamber  in  poor  thermal  contact  with  a 

liquid  helium  bath.  The  temperature  of  sample 
-3  -1 

varies  at  a  rate  of  10  K  sec  and  it  is 
measured  by  a  carbon  resistance. 

The  lock-in  amplifier  is  interfaced  with  a 
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PC  IBM  AT  which  record*  R(T).  Tho  method 
allows  Co  measure  8  samples  at  Cha  taas  tlao 

with  so  accuracy  of  1%  in  Cha  teaparatura 
reading  and  of  0,11  -  11  in  cha  resistance 
depending  on-  Che  value  of  che  resistance 
icself « 

2.2.  Saaple  preparation 

Single  crystals  of  Si  were  prepared  with  P 

donor  concentrations  ranging  from  3.7  -  2.0 
18  —3 

10  ca  near  the  critical  concentration  of 

18 

the  aetal-lnsulator  transition  N  =3.74  10 
cm  (8).  The  samples  were  obtained  by 
implanting  different  dose*  of  P  at  different 
energies  in  order  to  obtain  a  box  profile. 

A  typical  profile  is  reported  in  Figure  1. 
It  has  been  computer  simulated  by  using  the 
program  SUPREM  111. 

The  resulting  box  profile  gives  an  average 
18  -3 

concentration  of  n=2.0  10  cm  . 


FIGURE  1 

18  —3 

Depth  from  surface  X  for  n=2.0  10  cm  . 

Similar  calculation*  have  been  carried  out  for 
all  the  sample  reported  in  this  paper. 


All  the  samples  are  then  activated  by 
annealing  at  920  °C  in  for  15  min  and  then 
in  0^  at  the  same  temperature  for  15  min. 

3.  MEASUREMENTS 

Figure  2  illustrates  observed  resistance  R 
-1/4 

as  a  function  of  T  in  the  region  2-20  K 
for  some  samples.  The  curves  follow  the 
temperature  dependence  derived  by  Mott  (9) 

R  =  Ro  exp  (To/T)1/4  (1) 

Best  fit  procedure  on  the  data  allowed  to 
determine  experimental  values  of  To  and  Ro. 


FIGURE  2 
-1/4 

Plot  of  In  R  versus  T  according  to  the 
Mott  law.  All  curves  have  been  normalized  at 
R( 10  K). 

Figure  3  reports  R(T)  measurements  for  samples 

18  —3 

of  same  concentration  n=2.2  10  cm  which 
have  received  different  thermal  treatments. 
Sample  1  has  been  annealed  at  600  °C  for  1 
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In  R 


hour  In  Ng  and  subsequently  ac  920  °C  for  IS* 
In  and  920  ®C  for  IS'  In  0^. 

Sample  2  hat  been  annealed  only  at  920  °C 
for  15'  in  N2  and  920  °C  for  IS'  In  02  and 
sample  3  at  600  °C  In  Nj.  By  looking  In  Figure 
3  It  appears  that  sample  2  shows  a  temperature 
behavior  with  a  slope  lightly  steeper  than 
sample  1  and  both  result  much  steeper  than 
sample  3  showing  clearly  the  importance  of 
annealing  and  leading  to  the  conclusion  that 
the  standard  annealing  procedure  described  in 
section  2  is  very  satisfactory. 


f* 


FIGURE  3 
-1/4 

Plot  of  1^  R  versus  T  for  the  same  sample 
n=2.2  10  cm  and  different  annealings.  All 
curves  have  been  normalized  at  R(20  K)  and 
T=20  K. 


4.  SCALING  LAW 

It  is  well  known  that  the  responslvity  of  a 
bolometer  depends  by  the  temperature 

coefficient  of  resitsance  a  =  (1/R) 


In  our  case  a  can  be  expressed  in  term  of  To 
by  the  Mott  law  resulting 


The  To  values  obtained  by  the  data  of  Figure  2 
and  others  not  reported  can  be  scaled  with  the 

concentration  rating  as  reported  by  (10) 
c 

fol lowing 


To 


b 

k  N(E  )13 
P  o 


(1  -  -2)3P 


n 

c 


(2) 


where  b  is  a  numerical  value,  N(E^)  is  density 

of  states  at  the  Fermi  energy,  k  the  Boltzmann 

constant,  n  the  crytical  density,  1  the 
c  o 

effective  Bohr  radius  of  the  donor  and  P  a 

parameter  which  according  to  the  scaling 

theory  of  localization  (11)  Is  P  =  1. 

Equation  2  can  be  taken  as  a  scaling  law 

for  To.  Figure  4  reports  the  values  of  In  To 

versus  ln(l  - -). 

n 

c 


FIGURE  4 


in  To  versus  In  (1-n/n  )• 
c 


Near  the  critical  density,  the  curve 
follows  the  behavior  0f  equation  (2)  with  an 
experimental  value  of  3P  =  3.3  -  0.05.  Similar 
scaling  law  has  been  found  in  Sl:As  near  the 
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critical  concentration  (10).  (11)  Abraham.,  E. ,  Ander.on,  P.W.,  ticci.r- 

dallo,  D.C.  and  Kamakri.hnan,  T.V.,  Phys. 
Rev.  Lett.  42  (1979)  673. 
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LARGE  AREA  SILICON  DETECTORS  FOR  CALORIMETRY  IN  HI GH-ENER0Y  PHYSICS 
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This  papar  prasants  tha  preliminary  results  obtained  in  the 
development  of  large  area  p-i-n  diodes  to  be  used  as  particles  and 
radiation  detectors  in  high-energy  physics  experiments.  Large  area 
room-temperature  operated  silicon  detectors  widen  the  potential  field 
of  application  for  solid  state  detectors  in  high-energy  physics.  Large 
equipments,  like  electromagnetic  and  hadronic  calorimeters,  could  be 
built,  in  the  near  future,  using  large  active  areas  of  silicon  to  the 
place  of  more  traditional  detectors,  like  scintillators,  gas  chambers, 
cryogenic  and  room  temperature  liquids. 


1.  INTRODUCTION 

Silicon  detectors  are  a  major 
instrument  in  high-energy  physics 
experiments  (11.  They  are  very 
attractive  because  they  can  achieve 
high  spatial  resolution,  have  a  fast 
response  time,  can  operate  at  room 
temperature,  in  strong  magnetic  fields, 
in  vacuum,  and  are  adequate  for 
arrangements  with  particular  geometric 
constraints.  In  the  past  silicon 
counters  have  been  employed  mainly  as 
vertex  detectors,  but  now  they  are 
expected  to  find  wide  application  in 
calorimetry.  This  application  requires 
a  large  amount  of  active  silicon  area 
in  order  to  cover  the  whole  solid  angle 
around  the  point  of  collision  of  the 
incident  particles.  In  order  to  arrange 
tens  or  hundreds  of  square  meters  of 
silicon  area,  any  single  detector 
should  achieve  the  maximum  possible 
area  and  several  detectors  should  be 
arranged  in  a  module. 

A  silicon  radiation  detector  is 
basically  a  planar  p-i-n  diode  operated 
in  reverse  bias. 


The  incident  radiation,  gamma-rays, 
x-rays  or  charged  particles,  produces 
electron-hole  pairs  which  are  swept  to 
the  n+  and  p*  contacts  by  the  applied 
electric  field.  Such  a  p-i-n  diode,  to 
be  suitable  as  a  high  quality  radiation 
detector,  must  have  a  sensitive  region 
free  of  charge  trapping  centers, 
contacts  thin  enough  to  allow  the 
penetration  of  the  incident  radiation, 
low  bulk  and  surface  defects  to  limit 
at  very  low  levels  the  reverse  bias 
leakage  current.  The  detectors 
presented  in  this  work  are  actually  the 
largest  silicon  junction  detectors  up 
to  now  developed  for  radiation  and 
charged  particles  detection.  These 
devices  have  been  used  at  the  end  of 
1986  by  the  SICAPO  collaboration  #  to 
build  a  prototype  of  an  electromagnetic 
calorimeter  (21. 

Next  section  presents  the  fabrication 
process  and  some  aspects  of  the  physics 
of  operation.  Afterwards  the 
application  in  calorimetry  is 
di scussed. 


*  Universities  of  Hamburg,  McGill,  TelAviv,  and  Italian  Institute  for  Nuclear 
Physics  INFN  (Genoa,  Florence,  Milan,  Trieste). 
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2.  FABRICATION  TECHNOLOGY  AND  OPERATION 
The  starting  material  for  detectors 
fabrication  is  high  resistivity  single 
crystal  silicon.  It  is  usually 
available  from  silicon  suppliers  as  a 
by-product  of  the  material  used  by  the 
power  devices  industry.  Common 
specifications  are  float-zoned 
crystals,  <111>  oriented,  n-type 
(neutron  transmutation  doped,  in  some 
cases).  Up  to  now  however,  owing  to  a 
marginal  interest  of  silicon  suppliers 
in  the  detectors  business,  no  deep 
understanding  of  the  crystal  growth 
parameters  affecting  the  detector 
performances  exists,  and  a  'detector 
grade  silicon*  cannot  be  specified. 

In  this  work  silicon  wafers  100  mm 
in  diameter  and  400  ^m  thick  have  been 
used.  The  first  step  in  the  fabrication 
process  is  the  growth  of  a  layer  of 
silicon  dioxide  1  ft m  thick,  performed 
in  a  standard  furnace  in  steam  and 
chlorine  atmosphere  at  a  temperature  in 
the  range  950-1050  C.  This  oxide  layer 
is  used  as  a  mask  for  the  subsequent 
ion  implantation  of  the  p+  anode 
region.  To  this  purpose  windows  are 
opened  in  the  oxide  to  define  the 
geometry  of  the  detector  with  a 
standard  photol i tograph i c  process. 
Boron  ion  implantation  on  the  detector 
front  and  phosphorus  implantation  on 
the  back  are  carried  out  to  obtain  the 
p*-n-n*  structure.  In  both  cases  low 
energy  implants  <20-40  keV)  are  used 
with  a  total  dose  in  the  range 
lxl0H-lxl0l®  cm”2.  An  annealing 
process  at  600  C  is  performed  in  order 
to  reconstruct  the  crystal  lattice 
removing  the  damage  produced  by  the 
implantation  process.  Aluminum  is  then 
evaporated  on  the  two  sides  of  the 
silicon  wafer  and  patterned  on  the 
front,  according  to  the  detector 
geometry,  with  a  second  photol itogra- 


phic  process.  A  last  optional  step,  the 
passivation  coating,  is  performed  only 
when  full  environmental  protection  of 
the  detector  is  required.  The 
passivation  coating  is  a  layer  of 
polyimide  resin,  which  covers  both  the 
silicon  dioxide  and,  apart  the  contact 
region,  the  metallized  surface  of  the 
detector  front.  Fig.  1  shows  a  picture 
of  a  finished  detector.  In  this  work  a 
geometry  with  two  detectors  with  a 
trapezoidal  shape  and  27  cm2  of 
implantation  area  have  been  realized  on 
wafers  100  rnn  in  diameter  and  400  fim 
thick. 


FI BURE  1 

Cross  sectional  view  of  a  finished 
detector. 

The  active  area  is  extended  laterally 
beyond  the  implanted  area  owing  to  the 
junction  curvature  at  the  edge.  This 
extended  active  area,  Ag,  is  to  a  first 
approximation,  proportional  to  the 
depleted  region  [cm)s 

Ag  *  AXjjP  tern2! 

where  P  is  the  juntion  perimeter  in  cm 
and  X  is  the  ratio  between  the  lateral 
extension 'of  the  active  area  and  the 
depleted  layer  width.  The  detector 
capacitance  is 

C0  -  1. 03591 <Aj+Ag)/XdI  tpFJ 

where  Aj  j %  the  junction  area  in  cm2. 
For  n-type  bulk  silicon  the  extension 
of  the  depleted  layer  is 

Xd  -  0.529x10“*  VtptUWg)]  tem) 
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where  p  is  th*  detector  resistivity  in 
ohm. cm,  VB  is  th*  built-in  voltage,  snd 
V  is  ths  reverse  biss  voltage.  From  the 
preceeding  equations  one  obtains 

C0  •  l.95exl04tAj/Vtp<V>MB)J>* 

+1 .0399  PA  tpFl 

where  1.0359  PA  is  the  correction  to 
the  standard  formula  of  CD.  This  termt 
is  found  to  be  small  (less  than  1'/.)  121. 
Fig.  2  shows  the  leakage  current  as  a 
function  of  the  externally  applied 
voltage  for  different  detectors  of  th* 
same  process  batch.  The  implantation 
doses  and  energies  were  in  this  case 
lxl0*^cm“2  And  40  keV  both  for  boron 
and  phosphorus.  Fig.  3  shows  th* 
capacitance  vs.  th*  applied  voltage  in 
th*  form  1/C2.  Again  curves  of 
different  detectors  in  the  same  process 
batch  are  reported.  If  the  correction 
factor  in  the  relation  defining  CD  is 
neglected,  for  non  full  depletion 
conditions  th*  1/C2  vs.  V  relationship 
is  given  by 

1/C2  ■  P<V+VB>[l/<1.958xl0‘4Aj)l 

Th*  slop*  of  th*  curve  is  then 
proportional  to  th*  resistivity  of  th* 
bulk  material.  Th*  point  beyond  which 
saturation  occurs  gives  th*  voltage  at 
which  full  depletion  is  achieved.  As 
can  be  seen  a  relatively  large 
variation  of  th*  bulk  resistivity  of 
silicon  is  found.  This  brings  about  a 
corresponding  variation  in  th*  voltage 
to  be  applied  to  reach  full  depletion. 
Table  I  gives  th*  full  depletion 
voltage  values  and  the  corresponding 
leakage  current,  together  with  th* 
computed  values  of  th*  silicon  bulk 
resistivity  of  th*  detectors  considered 
her*.  Relatively  low  resistivity 
material  is  expected  to  have  better 
performances  than  high  resistivity 
material  above  all  with  regard  to 
radiation  damage  effects  (31. 


FIGURE  2 

Leakage  current  in  reverse  biased 
detectors.  Th*  curves  refer  to 
different  devices  in  the  same  process 
batch . 


Revise  voitag# 


FIGURE  3 

Capacitance-voltage  relationship  for 
th*  same  detectors  of  Fig.  2. 


Sample 

no. 

Full  depl. 
voltage 
(V) 

leakage  cur¬ 
rent  at  FD 
(pA) 

Si  bulk 
resistivity 
(0  cm) 

1 

122 

1.8 

4.68 

3 

100 

1.6 

5.69 

8 

76 

1.3 

7.52 

12 

101 

1.7 

565 

16 

1  1  1 

1.7 

5  17 

17 

95 

1.5 

5.99 

18 

1  1  1 

1.7 

5.17 

23 

71 

11 

8.00 

TABLE  I 

Essential  characteristics  of  the 
detectors  shown  in  th*  preceeding 
f i gures. 
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3.  APPLICATIONS  TO  CALORIMETRY 

In  calorimetric  measurements  per¬ 
formed  in  high-energy  physics  the 
energy  of  the  incident  particles  must 
be  evaluated.  To  this  purpose  a  silicon 
calorimeter  consists  essentially  in  a 
sandwich  of  active  sampling  planes 
(silicon  p-i-n  diodes)  and  layers  of  a 
high  atomic  number  passive  absorber 
(usually  uranium  or  tungsten). 
According  to  the  Kind  of  particles  to 
be  detected,  calorimeters  are  referred 
to  as  electromagnetic  and  hadronic.  The 
first  ones  are  specially  designed  to 
detect  leptons  and  electromagnet  ic 
radiation,  while  the  second  ones  are 
dedicated  to  hadron  identification.  The 
purpose  of  the  development  of  the 
detectors  presented  in  this  work  is  to 
build  a  full  hadronic  calorimeter  as  a 
test  equipment  to  evaluate  the 
feasibility  of  large  scale 
applications.  Currently  a  prototype  of 
a  Si/U  calorimeter  is  in  an  advanced 
stage  of  development.  It  will  consist 
of  20  silicon  mosaic  planes  with  an 
active  area  of  about  S00  cm2  per  mosaic 
containing  18  trapezoidal  detectors 
each.  These  planes  are  interspaced  with 
layers  of  uranium  3  mm  thick.  It  is 
planned  by  the  SICAPO  collaboration  to 
develop  a  full  Si/U  calorimeter, 
consisting  of  130  silicon  sampling 
planes  (for  a  total  active  area  of 
about  6.3  m2).  A  silicon  sampling  plane 
is  made  of  18  trapezoidal  detectors 
(41.  These  modules  are  built  using  two 
fiberglass  sheets  in  order  to  sustain 
mechanically  the  detectors  and  to  bring 
the  electrical  connections  to  both 
their 

junction  and  rear  sides.  The  detectors 
are  attached  to  the  fiberglass  sheets 
by  silicon  rubber  and  electrically 
connected  to  the  metal  paths  by 
conductive  epoxy  resin.  The  contacts 


are  brought  to  an  external  fan-out, 
which  can  be  either  a  standard 
connector  or  a  flexible  capton  cable. 

4.  CONCLUSIONS 

Large-area  p-i-n  diodes  fabricated 
on  high  resitivity  silicon  wafers  have 
been  used  as  particle  detectors  in  a 
prototype  of  an  electromagnetic 
calorimeter  tested  at  CERN.  In  order  to 
enable  the  use  of  silicon  detectors  for 
hadron  calorimeters,  mosaic  modules 
consisting  of  18  trapezoidal  detectors, 
with  an  active  area  of  27  cm2  each, 
were  developed,  assembled  and  tested. 
In  the  performed  investigations  no 
physical  deterioration  was  observed  in 
the  detector  characteristics.  The 
results  obtained  confirm  that  silicon 
sampling  calorimeters  can  fullfill  the 
requirements  of  linearity,  granularity, 
compactness,  long-time  stability  and 
reliability  needed  in  colliding  beam 
machines  experiments  (2,51. 
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Conventional,  split-drain  MAGFETs  have  a  relatively  low  sensitivity.  The  low  sensi¬ 
tivity  can  be  attributed  to  properties  Inherent  to  the  traditional  FET  structure.  A 
novel  device  structure,  designed  to  overcome  these  shortcomings,  is  presented.  In 
this  device  the  gate  voltage  varies  linearly  along  the  gate.  Measured  sensitivities  for 
both  dual-drain  and  triple-drain  devices  are  reported.  The  performance  of  the  device 
is  superior  to  that  of  die  conventional  MAGFET  devices. 


1.  INTRODUCTION 

A  variety  of  semiconductor,  magnetic-field 
sensors  have  been  described  in  the  literature. 
Baltes  [1]  has  given  a  recent,  comprehensive 
review  of  such  devices. 

Sensors  fabricated  using  standard,  silicon  pro¬ 
cessing  are  attractive  since  they  would  permit  the 
incorporation  of  ancillary  circuitry  on  the  chip. 

MOSFET  devices  appear  to  offer  the  advan¬ 
tage  of  thin,  conducting  channel  regions,  in  which 
a  larger  Hall  effect  might  be  anticipated.  How¬ 
ever,  the  Lorentz  force  is  a  function  of  carrier 
velocity  rather  than  the  actual  channel  thickness. 
In  the  split-drain  MAGFET  [2],  [3]  carrier  redistri¬ 
bution  can  occur  only  in  the  immediate  vicinity  of 
the  drains.  In  the  channel  a  uniform  Hall  field 
requires  zero  space-charge.  In  the  drain  region  the 
effect  of  velocity  saturation  reduces  the  Hall  angle 
and  degrades  the  redistribution  of  channel  current. 

In  an  attempt  to  overcome  some  of  these 
disadvantages  we  have  fabricated  MOSFET-like 
structures  having  a  resistive  gate  (undoped  poly¬ 
silicon),  with  ohmic  end  contacts.  A  bias  is 
applied  across  the  gate,  creating  a  uniform,  aiding 
field  along  the  channel.  Simple  device  theory 
shows  that  the  electric  field  along  the  channel  can 


be  made  almost  constant,  at  a  value  set  by  the  dif¬ 
ferential  gate  bias. 

Carrier  collection  is  performed  by  long,  lateral 
drain  contacts,  disposed  symmetrically  at  the  sides 
of  the  channel.  In  some  devices  a  third  drain  is 
added  to  collect  un-deflected  carriers. 

In  the  two-drain  devices,  the  lateral  drain  dif¬ 
fusions  are  reverse  biased  to  a  potential  greater 
than  that  at  any  point  along  the  channel.  Charge 
accumulation,  at  the  edge  of  the  channel,  is 
prevented,  no  Hall  field  is  established,  and  carriers 
are  collected  over  a  significant  fraction  of  the 
channel. 

We  present  results  on  both  dual-drain  and 
triple-drain  Graded-gate  (GFET)  structures.  Sen¬ 
sitivities  observed  for  these  devices  are  significantly 
better,  than  those  for  corresponding  MAGFET 
devices. 

2.  DEVICE  GEOMETRY 

A  layout  for  a  typical  GFET  structure  is 
shown  in  Figure  1.  The  drain  contacts  are  located 
along  the  channel;  this  increases  the  area  over 
which  carrier  collection  can  take  place  and 
prevents  the  development  of  the  Hsll  field  (i.e., 
the  device  is  based  purely  on  carrier  deflection). 
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Figure  1.  Typical  layout  of  the  Graded- gate  FET. 


poly,  while  the  ends  of  the  poly  were  doped  to  pro¬ 
vide  ohmic  end-contacts.  The  devices  had  a  thres¬ 
hold  voltage  of  0.6V  and  an  oxide  thickness  of 

825A. 


4.  DEVICE  PERFORMANCE 

The  application  erf  a  magnetic  field  perpendic¬ 
ular  to  the  current  flow  produces  an  imbalance  in 
the  two  drain  currents.  This  assymetry  in  the 
drain  currents  provides  a  measure  of  the  strength 
of  the  magnetic  field.  In  Figure  2,  we  plot  the 
relative  current  imbalance  A ID  /Is  as  a  function 
of  the  magnetic  field  for  various  values  of  the  dif¬ 
ferential  gate-bias  AV, .  The  geometry  of  this 
GFET  is  W  —  20 pm  ,  L  *»  40 pm  ,  and 
Lc  —  60 pm  .  The  current  imbalance  is  linear  in 
Bt ,  allowing  for  experimental  error  and  the  influ¬ 
ence  of  noise. 


There  is  a  diffused  gate-contact  at  each  end  of  the 
device,  with  undoped  polysilicon  forming  most  of 
the  gate.  By  biasing  the  gate  contact  separately 
the  resulting  voltage  gradient  along  the  gate  pro¬ 
duces  a  more  uniform  longitudinal  electric  field 
along  the  entire  length  of  the  channel. 

The  width  of  the  device  W  is  taken  as  the 
minimum  width  of  the  channel,  and  the  length  L 
is  defined  to  be  the  minimum  length  the  carriers 
must  traverse  to  be  collected  by  one  of  the  lateral 
drains.  We  introduce  another  parameter  for  this 
device  Lc  ,  the  length  in  the  channel  direction  over 
which  the  collection  erf  the  carriers  can  take  place. 

3.  DEVICE  FABRICATION 

Fabrication  of  the  devices  was  carried  out  on 
<100>  p-type  substrate  with  a  resistivity  of 
In -cm  .  As  we  required  the  polysilicon  over  most 
of  the  channel  to  remain  undoped,  a  standard 
NMOS  process  could  not  be  used.  The  n  +  source 
and  drain  diffusion*  were  perfumed  prior  to  the 
deposition  of  the  gate- polysilicon.  An  extra  mask 
level  was  required  to  mask  the  majority  erf  the 
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Figure  2.  Measured  response  of  the  GFET  to  an 
applied  magnetic  field  with  a  positive  voltage  gradient 
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In  all  tensors  there  exists  an  offset  signal,  i.e., 
a  current  imbalance  in  the  absence  of  a  magnetic 
field.  This  can  be  attributed  to  manufacturing 
defects.  To  facilitate  comparison,  this  offset  signal 
has  been  removed  in  Figure  2. 

The  relative  sensitivity  of  the  devices  is 
defined  as: 

.»  1 

'  *02  +  ^0  1 

lD  x  and  lD  2  are  the  currents  in  each  of  the  lateral 
drains.  From  the  table  in  Figure  2  we  see  that  the 
sensitivity  of  the  GFET  increases  with  increasing 
gate-voltage  gradient.  In  Figure  3  we  plot  the  sen¬ 
sitivity  of  the  GFET  as  a  function  of  the  differen¬ 
tial  bias  on  the  gate:  AVf  —  Vft  —  V& .  Vfe  and 
Vfc  respectively  denote  the  gate  voltage  at  the 
drain  end  and  the  source  end  of  the  channel.  Both 
positive  (i.e.,  AVt  >  0)  and  negative  (i.e., 
AVf  <  0)  gate-voltage  gradients  were  considered. 
For  AVg  >  0,  Vgt  was  fixed  at  20V  and  Vfc  was 
varied  from  20V  down  to  IV.  Similarly,  for 
AVg  <0,  Vfc  was  fixed  at  20V  and  Vfc  was 
varied  from  19V  down  to  —IV  . 
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Figure  3.  Detailed  plot  of  the  relative  sensitivity  of 
the  GFET  as  a  function  of  the  gate-voltage  gradient, 

“Vh~  Vf ,  • 


From  Figure  3,  we  observe  that  the  sensitivity 
improves  considerably  as  we  increase  AV,  (for 
AV(  >0)  and  remains  fairly  constant  for 
AVe  <0.  The  maximum  measured  sensitivity 
was  five  times  larger  than  that  obtainable  with 
AVf  -0. 

Triple  drain  GFET  structures  were  also  con¬ 
sidered.  The  aim  in  these  devices  was  to  collect 
the  undeflected  carriers  in  the  central  drain.  The 
measured  response  of  a  triple  drain  structure 
opeiated  with  AVf  —  0  is  shown  in  Figure  4.  The 
geometry  of  this  device  is  similar  to  the  dual-drain 
device  of  Figure  2;  the  distance  from  the  source  to 
the  center  drain  was  140 pm  .  The  bias  on  the 
lateral  drains  is  intermediate,  between  the  source 
and  centre-drain  potential.  The  lateral  drain  diffu¬ 
sions  act  as  collectors,  close  to  the  source  end  of 
the  channel  and  as  sources,  close  to  the  drain  end. 
Extremely  high  sensitivities  are  observed  in  the 


Figure  4.  Experimental  data  for  the  triple-drain 
GFET  with  AVt  -  0  (VtL  -  Vt4  -5V  ), 
VDi^Vd2  «  IV  ,  and  VDmUUU  -  5V  .  The 
extremeley  high  sensitivities  are  achieved  as  a  result 
of  the  central  drain  collecting  the  undeflected  current. 
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three-drain  devices.  However,  this  is  achieved  at 
the  expense  of  great  difficulty  in  establishing  bal¬ 
anced  current  between  die  lateral  drains.  This 
makes  the  triple-drain  GFET  structures  impractical 
in  the  present  form. 

5.  CONCLUSIONS 

In  the  conventional  split-drain  MAGFETs, 
the  Hall  angle  is  a  decreasing  function  of  the  long¬ 
itudinal  electric  field.  The  devices  are  usually 
operated  beyond  pinch-off  whe's  the  longitudinal 
field  is  large.  Hence,  devices  which  rely  soley  on 
the  deflection  of  carriers  in  the  vicinity  of  the  drain 
are  not  fully  optimized. 

A  new  device,  the  Graded-gate  FET  (GFET) 
designed  to  overcome  these  problems,  was 
presented.  The  differential  gate  bias  allows  control 
of  the  surface  potential  and  hence  the  longitudinal 
electric  field.  Also,  carriers  are  collected  in  the 
lateral  drain  region  to  prevent  the  establishment  of 


the  Hall  field.  The  sensitivity  of  these  devices 
increased  with  increasing  postive  gate-voltage  gra¬ 
dient.  Negative  gate  voltage  gradients  neither  sig¬ 
nificantly  enhanced  or  degraded  the  magnetic  sen¬ 
sitivity. 
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Abstract-A  two  dimensional  numerical  modelling  of  Magnetic-Field-Sensitive 
MOSFET  (MAGFET)  is  presented  and  has  a  small  computation  cost.  The  whole 
operation  region  of  MAGFET  is  divided  into  two  parts  (normal  and  subth¬ 
reshold  region)  and  numerically  simulated  respectively.  A  conclusion  which 
MAGFET  has  highest  sensitivity  when  W/L=0.8  is  obtained  and  is  verified  by 
experiment . 


1.  INTRODUCTION 

Along  with  the  rapid  progress  of 
microelectronics  industry,  semiconductor 
sensor  plays  more  and  more  important 
role  in  many  fields.  As  an  entrance  tr¬ 
ansducer  that  converts  the  magnetic 
field  into  an  electric  signal,  the 
Magnetic-Field-Sensitive  MOSFET  (MAGFET) 
offers  advantages  of  high  sensitivity, 
lower  power  dissipation  and  compatibility 
with  an  advanced  standard  MOS  or  CMOS 
IC  technology.  In  view  of  that  MAGFET 
is  governed  by  the  complexity  of  the  in¬ 
teraction  of  semiconductor  bulk  effect 
with  boundary  conditions  and  magnetic 
field.  A  two  dimensional  numerical 
modelling  of  MAGFET  is  required  to  an¬ 
alyze  the  device  multidimensional  effect. 

As  it  is  known,  the  general  approach 
of  solving  the  nonlinear  system  of  par¬ 
tial  differential  equation  in  semicon¬ 
ductor  is  coupled  or  decoupled  solution 
method.  In  comparision  with  coupled  ap¬ 
proach,  the  decoupled  approach  requires 
much  less  computer  memory.  In  view  of 
that,  the  decoupled  solution  method  is 
used.  Furthermore,  in  the  numerical 
modelling  of  MAGFET,  the  CPU  time  requi¬ 
red  by  decoupled  approach  nearly  Is  an 
exponential  function  of  bias  voltage 
when  gate  bias  exceeds  the  threshold 
voltage.  To  avoid  the  trouble,  the  non¬ 


linear  partial  differential  equation 
system  is  simplified  into  a  Laplace's 
equation  in  normal  region  and  is  numer¬ 
ically  solved.  In  subthreshold  region, 
the  decoupled  solution  method  is  still 
emp 1 oyed . 

2.  MODEL  AND  NUMERICAL  ALGORITHM 
2.1.  Subthreshold  Region 
The  structure  of  n-channel  MAGFET 
is  shown  in  Flg.l.  It  has  a  split-drain 
structure.  The  z-axis  is  assumed  to  be 
parallel  to  the  magnetic  induction  B 
(see  Fig. 2),  viz.,  the  magne*'-  field 
is  perpendicular  to  the  device  surface. 

source  gate  drain 

x 

y 


Fig.  1  Structure  of  MAGFET 

Then  the  distribution  of  carrier  and 
electric  potential  in  the  device  depend 
only  on  x  and  y. 


z 
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is 

pn  =  n^2 

(6) 

p  -  n  -  N  =0 

(7) 

=  „  KT  .  .-1,  N  . 

T  A  q  ' 2nj 

(8) 

Along  the  other  insulated  ’floating' 
boundaries,  the  following  condition  is 
adopted . 

f„  .  7  =  0  (9) 


The  model  equation  in  semiconductor  is 

l  V  • J  +R=0  (l) 

q  p 


ip  *  r  *  0 

(  10) 

a2 

—  -y(  p  -  n  +  N)  =  0 

(11) 

dr 

l  u .  Jn-R=o  (2) 

q 

A*=s^r  <p-n+N>  (3) 

where  R  is  the  bulk  recombination  rate, 
N  is  the  ionized  net  doping  density,  n 
and  p  are  the  electron  and  hole  concen¬ 
tration  respectively.  In  a  stationary 
and  not  too  large  magnetic  field,  the 
current  density  equation  reads  as  fol- 
1  ows 

Jn*q(unnE  +  DnVn)  -u*(fn*  B)  (4) 


where  T  is  the  normal  to  the  boundary. 
The  partial  differential  equation  (1)- 
(5)  and  the  boundary  condition  (6)-(ll) 
are  discretized  using  the  generalized 
Scharfetter-Gummel  scheme  discussed  in 
[11.  Then,  a  decoupled  iteration  proc¬ 
edure  is  implemented,  which  treats  the 
continuity  equation  and  Poisson's  equ¬ 
ation  separately. 

2.2.  Normal  Region 

In  normal  operation  region,  neglect¬ 
ing  the  hole  current  and  electron  dif¬ 
fusion  current,  the  current  continuity 
equation  is  converted  into 


Tp=q(up  pf  -  DpVp)  +  u*(Tpx5)  (5) 

where  u_and  u  are  electron  and  hole  dr- 
n  p 

1ft  mobility  respectively.  Dnand  Dp  are 
the  corresponding  diffusion  coefficient 
respectively.  u*=1.92u  is  the  Hall  mo¬ 
bility.  Along  the  metal  contact  boundar¬ 
ies,  the  value  of  n,  p  and  ♦  are  given 
by  Infinite  recombination  rate,  charge 
neutrality  and  applied  voltage  V^,  that 


dlvgrad  U(x,y)  =  0  (12) 

where 

^OX  2 

U(x,y)=Cox(VFB+  _  ^ -  * 

1  3/2 

- - ‘2SslNA^+<esiNA^B)  (13) 

3«.iNA< 

here  Cgx  is  the  gate  oxide  capacitor 
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per  unit  area.^g  the  Fermi  potential, 
Na  the  bulk  doping  density.  Vpg  the 
flatband  voltage.  At  metal  contact 
boundaries,  U  is  known 

u  =  U  |  +=  VA  (14) 

The  current  equation  simply  becomes 

(15) 


J=ugrad  U  +u*B  x  J 


where  J  is  the  current  density  j  in¬ 
tegrated  with  respect  to  z  over  appro¬ 
priate  thickness.*2*  At  the  insulated 
•floating*  boundaries,  the  current  nor¬ 
mal  to  the  surface  must  vanish,  viz. 


(r+u*Bx  r)  grad  U  =  0  (16) 


The  partial  differential  equation 
and  the  corresponding  boundary  described 
above  are  discretized  and  numerically 
solved  using  Stone's  iteration  method^3* 
Also,  setting 


VVD  *  VFB  +  2+B 


(2£si"NA  V4EsiNA<l1-B>1/2(17) 


the  numerical  solution  of  MAGFET  in 
linear  region  is  extended  to  the  satur¬ 
ation  region. 

3.  RESULTS  AN  DISCUSSIONS 

The  parameter  of  fabricated  MAGFET 
device  is  shown  in  the  caption  of  Fig. 3. 
The  drain  separation  of  d  is  8  pm.  The 
discretization  Is  implemented  on  a  non- 
uniform  rectangular  grid  of  30  x30  nodes. 
As  usual,  the  sensitivity  S  of  a  split- 
drain  MAGFET  device  is  defined  by  the 
relative  current  imbalance  in  the  two 
drains  S  =  ( Ij-lj)  /  ( lj*^  )  •  The  numer¬ 
ical  results  of  S  are  plotted  as  a  fun¬ 


ction  of  ratio  (W/L)  in  Fig.  3.  It  in¬ 
dicates  that  the  ratio  (W/L)  of  0.8 
gives  the  highest  sensitivity. 


varies  with  (W/L) 

W=28um,  tox=1200X,  B  =1T, 
NA=5X1015cm-3,  VD1=VD2=1V,VG=5V 


Fig. 4  The  device  sensitivity  varies 
with  B  for  various  aspect  ratio  W/L 

As  shown  in  Fig. 4,  the  curves  of 
measured  device  sensitivity  versus  mag¬ 
netic  field  for  various  aspect  ratio  of 
W/L  are  plotted.  Among  the  devices  which 
aspect  ratio  is  1,  1.4,  1.5,  2.8,  resp¬ 
ectively,  the  aspect  ratio  near  0.8 
(W/L=l)  has  the  highest  sensitivity.  It 
supports  the  numerical  results. 

On  the  other  hand,  focusing  attention 
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on  the  computation  efficiency,  the  num¬ 
erical  modelling  of  MAGFET  presented  3.  H.L.  Stone,  SIAM  J.Num.  Ana 

here  is  more  attractive  for  a  signific-  vol.S  (1968)  530 

ant  CPU  time  and  computer  memory  saving 
capability.  A  set  of  typical  curves  of 
CPU  time  versus  gate  bias  for  various 
split-drain  bias  Vp  is  illustrated  in 
Fig. 5. 


Fig. 5  CPU  time  versus  for  various 
VD(on  IBM  PC/XT) 

a.  present  method 

b.  decouped  approach 

4.  CONCLUSIONS 

In  this  paper.  Magnetic-Field-Sensi¬ 
tive  MOS  device  (split-drain  MOSFET)  is 
analyzed  with  computer.  A  two  dimens¬ 
ional  numerical  simulation  of  the  device 
is  presented  in  subthreshold  and  normal 
region  with  different  model  equation. 

The  computation  cost  is  efficiently  cut. 
The  theoretical  results  show  that  the 
device  of  aspect  ratio  of  0.8  has  the 
highest  sensitivity.  The  experiment  are 
in  good  support  of  that. 
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RESEARCH  ON  THE  GROWTH  CONDITION  OF  CdTe  SINGLE  CRYSTAL  FOR  y-RAY  DETECTOR 
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CdTe  single  crystals  were  grown  by  the  Bridgman  method  from  Te  excess  solution  with  a  molar 
ratio  of  Cd/Te=3/7  and  halogens  were  added  to  the  solution  for  compensating  acceptor  center 
due  to  cadmium  vacancies (Vcd) .  Photoluminescence (PL)  and  electrical  resistivity  of  the 

crystals  grown  under  various  conditions  were  measured  for  examining  the  incorporation  of 
halogens  ar.d  its  compensation  state.  It  was  found  that  the  halogen  was  incorporated  in 
order  from  fluorine(F)  to  iodine(I).  Halogen  donors(D)  incorporated  under  a  growth  rate 
of  6  ran/ day  and  a  temperature  gradient (AT/ AX)  of  20  K/cm  form  preferentially  acceptor 
complex  center  (V^-D)  and  this  leads  the  crystal  to  p-type  conductivity  with  unsatisfactory 

compensation.  On  the  contrary,  the  donors  incorporated  under  the  growth  rate  of  72  ran/day 
(or  steep  temperature  gradient)  made  the  crystals  into  n-type  high  resistivity  with  enough 
compensation.  Good  y-ray  response  was  obtained  only  for  the  crystals  with  enough  compen¬ 
sation.  Therefore,  relatively  rapid  growth  or  the  growth  under  steep  temperature  gradient 
is  required  for  realizing  CdTe  y-ray  detector. 


1.  INTRODUCTION 

CdTe  is  known  as  one  of  the  candidate  ma¬ 
terials  for  solid-state  nuclear  detectors  oper¬ 
ative  at  room-temperature[l,2] .  So  far,  the 
main  method  to  grow  CdTe  single  crystal  for  y- 
ray  detector  was  from  Te  solvent  which  did  ex¬ 
tract  most  of  impurities [ 1-4 ] .  However, 
crystallization  from  an  excess  Te  solution  has 
also  the  disadvantage  of  introducing  a  native 

defect  such  as  cadmium  vacancies(V_ ,)  in  the 

Cd 

grown  crystals  which  reduce  the  electrical 
resistivity  remarkably.  As  a  very  high  re- 
sistance(10^  ohm-cm)  is  usually  required  for 
CdTe  single  crystals  used  as  a  y-ray  detector 
(2,3],  the  above  demerit  has  to  be  avoided  by 
donor-doping  for  electrical  compensation. 

Indium (In)  and  chlorine (Cl)  have  been  used 
previously  as  compensation  agents  to  obtain 
semi-insulating  materials! 3,4] .  However,  the 
possibility  or  usefulness  of  other  halogens  and 
the  growth  condition  for  obtaining  optimum 
compensation  state  have  not  been  discussed  in 
detail.  In  this  study,  CdTe  single  crystals 
were  grown  by  the  Bridgman  method  and  halogens 
such  as  F,  Cl,  I  were  added  to  the  solution  as 
a  donor  dopant  for  electrical  compensation. 


The  properties  of  doped  crystals  grown  under 
various  growth  conditions  were  characterized  by 
the  measurements  of  photoluminescence (PL)  and 
electrical  resistivity  and  an  indispensable 
growth  condition  for  realizing  CdTe  y-ray  de¬ 
tector  is  discussed. 

2.  EXPERIMENTAL  PROCEDURES 

2.1.  Growth  of  Halogen-doped  CdTe  Single 
Crystals 

Cd  with  nominal  purity  of  more  than  6 
nines  and  Te  with  that  of  6  nines  were  used  as 
the  starting  material  for  preparing  CdTe  single 
crystals.  The  elements  with  a  molar  ratio  of 
Cd/Te»3/7  and  their  total  moles  of  0.17  were 
introduced  into  a  carbon-coated  quartz  tube, 
together  with  one  of  the  halogens  of  the  amount 
30  or  300  ppm  per  total  weight  and  the  tube  was 
sealed  at  the  vacuum  of  1.3xlO~^Pa.  The 
halogens  were  added  in  the  form  of  cadmium 
halides  such  as  Cd F2(5  nines),  CdCl2(4  nines) 
and  Cdl2(4  nines).  The  sealed  tube  was  put  in 
a  Bridgman  furnace  and  the  experiments  for 
growing  single  crystals  were  performed 
under  temperature  gradient (AT/ AX)  from  10  to 
50  K/cm  and  the  growth  rate  from  6  to  72 
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■■/day.  Undoped  CdTe  single  crystals  were  also 
grown  fro*  the  salt  with  the  composition  of  5  Z 
excess  Te  and  froa  a  Te  excess  solution  with  a 
aolar  ratio  of  Cd/Te«3/7. 

2.2.  Photoluminescence (PL)  and  Electrical 
Conductivity  Measurements 

3 

Snail  Banples  about  the  size  of  1x2x4  on  , 
which  were  cleaved  froa  the  grown  crystals, 
were  used  for  both  experiaents.  PL  spectra 
were  measured  at  4.2  K  using  He-Ne  laser 
(632.8  nm)  with  2  mW  and  2  beam  as  the  ex¬ 
citing  source.  The  detection  systea  consists 
of  a  grating  monochr one ter (Nippon  Bunko  CT-50) , 
a  photomultiplier,  a  lock-in  amplifier  and  a 
recorder.  The  spectral  resolution  of  the  lumi¬ 
nescence  is  about  0.2  nm.  The  electrical  con¬ 
ductivity  was  measured  by  a  two-probe  method. 

Au,  decomposed  from  a  chlorine  solution,  was  de¬ 
posited  on  the  cleaved  and  unetched  faces  of 
the  samples  with  a  thickness  of  about  1  nm  and 
was  used  as  the  electrodes. 

3.  RESULTS 

Figure  1  8 hows  PL  spectra  at  4.2  K  of  an 
undoped  crystal  grown  from  the  melt  with  5  Z 
excess  Te  composition  and  of  the  crystals  grown 
from  a  Te  excess  solution  with  a  molar  ratio  of 
Cd/Te«3/7  and  with  halogens  of  300  ppm  per 
total  weight.  The  growth  experiments  were 
performed  under  the  growth  rate  of  6  to  8 
tm/day  and  temperature  gradient (&T/4X)» 20  K/ca. 

It  is  known  from  figure  1(a)  that  the  PL 
spectrum  consists  of  band  edge-emission  such  as 
A°X  and  D°X,  weak  B  and  C  peaks  near  1.55  eV 
and  X  peak  series  X-X""  at  about  1.45  eV.  A°X 
(1.5896  eV)  and  D*X(1.5945  eV)  are  known  as 
radiative  emissions  of  excitons  bound  to  a 
neutral  acceptor  and  a  donor  respectively[2,5- 
8].  The  peak  similar  to  B(1.553  eV)  and  C( 

1.548  eV)  have  been  reported! 2,7]  and  these  are 
probably  due  to  radiative  recombination  of 
donor-acceptor (D-A)  pairs.  It  is  well-known 
especially  for  X  peak(1.475  eV)  that  it  is  due 
to  D-A  pair  between  an  Isolated  donor (D+)  and 
a  complex  acceptor (V^'D  )  [9,10].  The  no- 


FIGURE  1 

PL  spectra  at  4.2  K  for  undoped  and  halogen- 
doped  CdTe 

tatlon  with  primes  such  as  X'-X""  shows  phonon 
replicas  of  the  X  peak[6,ll].  From  figure  1, 
the  following  characteristics  were  observed; 

(1)  In  the  case  of  F-doped,  PL  spectrum  does 
not  change  much  compared  with  that  of  an 
undoped  crystal,  though  C  and  D  peaks  become 
obvious.  (2)  In  the  case  of  Cl  and  I-doped, 
excltonic  emission  A°X  disappears  and  only  the 
X  peak  is  observed.  The  PL  spectra  shown  in 
figure  1  are  the  cases  of  the  crystals  grown 
under  a  growth  rate  of  6  to  8  mm/day.  On  the 
other  hand,  a  typical  spectrum  of  the  sample 
grown  under  relatively  high  growth  rate  such  as 
72  mm/day  is  shown  in  figure  2.  This  is  the 
case  of  300  ppm-doping  of  Cl.  From  the  figure, 
excltonic  emissions  A°X  and  D°X  were  both 
observed  with  the  same  emission  Intensity  and 
this  is  quite  different  from  the  spectrum  for 
the  same  doping  case  shown  in  figure  1. 

This  result  suggests  that  the  growth  rate 
strongly  affects  the  crystal  properties. 

Figure  3  shows  the  electrical  resistivity  at 
room  temperature  of  the  samples  doped  with 
halogens.  It  is  clear  that  the  resistivity  of 
the  sample  doped  with  F  is  almost  the  same  as 
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that  of  an  undoped  one.  The  samples  doped  with 
Cl  show  the  higher  resistivity  than  others  and 
the  highest  one  is  obtained  for  the  sample 
grown  under  growth  rate  of  72  no/ day.  The 
resistivity  for  the  case  of  T-doped  is  lower 
than  that  of  Cl-doped.  The  sample  with  the 
highest  resistivity  showed  n-type,  but  the 
others  were  p-type. 

Figure  4  shows  the  electrical  conductivity 
of  samples  doped  with  Cl  of  300  ppm  as  a 


135  U0  U5  150  155  160  165 


PHOTON  ENERGY  <*V) 

FIGURE  2 

PL  spectra  at  4.2  K  for  Cl-doped  CdTe  crystal 
grown  under  growth  rate  of  72  mm/day 
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FIGURE  3 

Electrical  resistivities  at  room  temperature 
of  samples  doped  with  halogens 

function  of  temperatures.  This  suggests  that 
deep  levels  which  locate  near  the  center  of 
the  band  gap  dominate  the  conductivity.  In 
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FIGURE  4 

Electrical  conductivities  of  samples  grown 
under  300  ppm  Cl-doped  as  a  function  of 
temperature 


FIGURE  5 
241 

Y-ray  spectrum  of  Am  source  detected  with 
CdTe(Cl,300  ppm  doped)  detector  at  room 
temperature 

the  case  of  300  ppm  F  and  I  doped,  shallow 
levels  such  as  0.18,  0.21,  0.28  and  0.37  eV  were 
observed,  suggesting  unsatisfactory  compen¬ 
sation.  Even  under  a  growth  rate  of  6  mm/day, 
extremely  high  resistivity  crystals  were  also 
grown  under  high  temperature  gradient (AT/ AX) . 
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Good  y-ray  response  was  obtained  only  for  the 

samples  with  extremely  high  resistivity  due  to 

enough  compensation.  Figure  5  shows  a  typical 
241 

y-ray  spectrum  of  A a  obtained  for  such  CdTe 

detector.  A  photopeak  with  FWHM  of  8.2  keV  was 
clearly  observed.  The  solid  line  in  the 
figure  shows  the  peak  shape  calculated  by 
assuming  a  Gaussian  distribution.  A  tall  is 
observed  at  the  low  energy  side  of  the 
photopeak,  suggesting  hole  trapping. 

4.  DISCUSSION 

For  the  single  crystals  grown  under  growth 
rate  of  6  to  8  nm/day  and  temperature  gradient 
(AT/AX)  of  10  to  20  K/cm,  the  incorporation 
and  the  behavior  of  halogens  in  the  crystal  are 
deduced  as  follows.  In  the  case  of  F,  PL 
spectrum  and  electrical  resistivity  are 
unchanged  from  those  of  an  undoped  crystal. 

This  suggests  that  the  incorporation  of  F  is 
very  little  and  should  be  the  same  order  or 
less  than  the  concentration  of  native  defect 
such  as  V^.  On  the  contrary,  in  Che  cases  of 
Cl  and  I,  as  seen  in  figure  1,  PL  spectra  are 
quite  different  from  those  of  an  undoped  one 
and  it  consists  of  only  X  peaks  without 
excitonic  emissions.  This  suggests  that  much 
quantities  of  Cl  and  I  are  Incorporated  in  the 
grown  crystal  and  they  form  a  complex  center 
(Vc^-D+)  .  The  incorporated  quantity  can  be 
estimated  roughly  from  the  similarity  of  PL 
spectra  of  In-doped  CdTe  with  the  well-defined 
amounts  and  it  is  10^,  10*^  and  10^®/cm^  for 
300  ppm-doplng  of  F,  Cl,  I  respectively [io ] . 

The  degree  of  the  incorporation  seems  to  depend 
on  the  atomic  radius  of  halogens  which  are 
replaced  on  Te  sites.  The  case  of  I  has  the 
closest  radius  to  that  of  Te(Cd)  and  observed 
heavy  Incorporation  of  I  supports  this  expec¬ 
tation.  much  incorporation  of  the  donor 
suggests  the  easy  compensation  of  acceptor  due 
to  V^.  However,  as  seen  in  figure  2,  the 
crystals  show  p-type  conductivity  with  unsatis¬ 
factory  compensation.  This  also  supports  that 
the  halogens  incorporated  in  the  crystal 


preferentially  form  the  acceptor  complex  center 
(V^-D  )  .  That  is,  the  more  halogens  are  in¬ 
corporated,  the  more  complex  centers  are  formed. 
On  the  other  hand,  as  seen  in  figure  2  and  3, 
the  crystals  grown  under  growth  rate  of 
72  mm/day  show  n-type  high  resistivity  and 
excitonic  emissions  recover.  This  suggests 
that  an  ideal  compensation  state  is  realized 
without  forming  preferentially  a  complex  center. 
This  should  be  the  case  in  the  situation  that 
rapid  growth  prevents  the  Incorporated  halogens 
from  diffusing  to  V  ^  site  and  increases  the 
isolated  donor  concentration. 


5.  CONCLUSION 

CdTe  single  crystals  were  grown  by  the 
Bridgman  method  from  Te  excess  solution  with 
halogens  as  a  donor.  The  crystals  with  ex¬ 
tremely  high  resistivity  were  grown  under 
relatively  high  growth  rate (or  high  tempera¬ 
ture  gradient)  and  it  was  concluded  that  the 
growth  condition  is  indispensable  for  realizing 
y-ray  detector. 
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VLSI  will  be  reaching  to  the  limit  of  minimization  in  the  1990s,  and  after  that,  further 
increase  of  packing  density  or  functions  might  depend  on  the  vertical  integration  tech¬ 
nology  and  wafer  scale  integration.  'The  3-D  ICs  consisting  of  completely  stacked  active 
layers  offers  the  flexibility  of  circuit  design  and  composition  of  various  devices. 
Three-dimensional  (3-D)  integration  is  expected  to  provide  several  advantages,  3uch  as  1) 
parallel  processing,  2)  high-speed  operation,  3)  high  packing  density,  and  4)  multi¬ 
functional  operation. 


This  will  lead  upto  new  system  design  and 
big  trend  for  VLSI  in  the  next  generation 

INTRODUCTION 

The  ultimate  IC  structure  of  the  future  is 
thought  to  consist  of  stacked  active  IC  layers 
sandwiched  by  insulating  materials  or  wafer 
sale  integration. 

Various  devices  or  circuit  functions,  such 
as  photosensors,  logic  circuits,  memories,  and 
CPUs,  will  be  arranged  in  each  active  layer  and, 
as  a  result,  a  remarkable  improvement  in  packing 
density  and  functional  performance  will  be  re¬ 
alized. 

In  1979,  it  was  reported  that  polysilicon 
deposited  on  insulator  can  be  melted  and  recry- 
stalized  by  laser  irradiation  £ l)  and  that  the 
crystal  perfection  of  the  layer  can  be  adequate 
to  allow  the  fabrication  of  devices . 

The  quality  of  the  recrystallized  layer  can 
be  characterized  by  carrier  mobility.  The 
electron  mobility  reported  so  far  has  increased 
year  by  year  and  has  attained  a  value  compara¬ 
ble  to  bulk  crystals.  This  improvement  was  a 
trigger  for  starting  research  and  development 
of  3-D  ICs. 

A  partial  3-D  structure  has  already  been 
tried  for  a  dynamic  memory  (DRAM)  cell  (.2  ,  3  J, 

For  high-density  RAMs,  such  as  the  4-M  bit  DRAM, 
the  area  of  the  memory  cell  capacitor  is  limited, 
to  in  order  to  increase  the  cell  capacitance,  a 
3-D  structure,  i.e.,  a  trench  cell  or  a  stacked 


the  novel  functional  device.  It  will  become  a 

capacitor  cell,  has  been  tried.  This  partial 
3-D  structure  will  be  used  in  2-D  VLSIs  within 
a  few  years . 

To  achieve  a  breakthrough  in  the  packing 
density  of  advanced  VLSIs,  it  is  reasonable  to 
consider  a  3-D  structure,  containing  either 
partially  or  completely  stacked  active  layers. 

Basic  technologies  of  3-D  IC  are  to  fabri¬ 
cate  SOI  layers  and  to  stack  them  monolithical- 
ly.  Crystalinity  of  the  recrystallized  layer 
in  SOI  has  increasingly  become  better,  and  very 
recently  crystal  axis  controlled,  defect-free 
single-crystal  area  has  been  obtained  in  chir 
size  level  by  laser  recrystallization  techno¬ 
logy. 

Some  basic  functional  medels  showing  the 
concept  or  image  of  a  future  3-D  IC  were  fabri¬ 
cated  in  two  or  three  stacked  active  layers . 

Some  other  proposals  of  subsystems  in  the 
application  of  3-D  structure,  and  the  technical 
issues  for  realizing  practical  3-D  IC,  i.e., 
the  technology  for  fabricating  high-quality  SOI 
crystal  on  complicated  surface  topology,  cross¬ 
talk  of  Che  signals  between  the  stacked  layers, 
total  power  consumption  and  cooling  of  the  chip, 
will  also  be  discussed  in  this  paper. 

3-D  IC  STRUCTURE 

Fig.  1  shows  a  typical  basic  structure  of 
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3-9  devices  proposed  by  several  researchers. 
Fig.  1(a)  is  a  flip-chip,  which  is  an  attempt 
to  realize  the  stacked  3-D  form  by  chip  assemb¬ 
ly  technology.  This  technology  has  already 
been  used  in  computers  as  a  connection  between 
a  group  of  single  chips  and  a  printed  circuit 
board.  In  this  technology,  the  number  of  con¬ 
nections  are  restricted  by  reliability  and  bump 
size  constraints.  Fig.  1(b)  shows  a  new  ap¬ 
proach  based  on  wafer  process  technology.  The 
chips  are  attached  face-to-face  by  pressure 
CO.  The  minimim  connection  area  is  10pm2 , 
which  is  large  compared  with  the  device 
feature  size  (1-2  pm),  but  the  number  of  con¬ 
nections  will  be  greatly  increased  by  this  te¬ 
chnology.  Fig.  1(c)  and  (d)  shows  a  monolithic 
3-D  structure.  At  first,  the  passive  elements, 
such  as  the  DRAM-cell  capacitor  or  the  load  re¬ 
sistor  of  a  SRAM,  will  be  stacked  three-dimen- 
sionally  similarly  to  the  multilevel  intercon¬ 
nections  of  today's  LSIs.  Fig. 1(c)  shows  3-D 
integration  performed  at  the  transistor  level 
(53.  load  transistors  of  a  CMOS  inverter  of  a 
CMOS  static  RAM  cell  are  fabricated  in  the 
upper  layer  to  form  a  partial  3-D  structure. 

The  first  3-D  IC  which  has  active  elements  or 
uses  single-crystal  material  in  the  stacked 
layer  may  have  the  configuration  shown  in  Fig. 
1(c).  Fig. 1(d)  shows  the  stacked  form  of  LSI 
layers  in  a  complete  3-0  structure,  which  is 
also  a  final  goal  of  the  3-D  Project  in  Japan. 
In  this  structure,  the  degree  of  freedom  in 
circuit  or  system  design  circuit  layout,  and 
the  reliability  of  the  interconnections  are 
expected  to  be  very  high.  This  paper  will 
discuss  mainly  the  trends  in  the  3-D 

structure  shown  in  Fig. 1(d). 

FEATURE  OF  3-D  IC 

The  advantageous  features  expected  for  3-D 
IC  as  shown  in  Fig. 1(d)  are  follows 

(1)  High  packing  density,  or  super  large  inte¬ 
gration  becomes  possible  without  having  a 
aerious  problem  about  power  dissipation.  Be- 
cauae  the  multi-layer  devices  in  3-D  IC  can 


have  one  set  of  I/O  circuits  in  common. 

(2)  High  8 peed  performance  of  3-D  ICs  is  asso¬ 
ciated  with  shorter  interconnection  delay  time 
and  decrease  of  parasitic  capacitance  due  to 
the  use  of  SOI  structure. 

(3)  Parallel  processing  is  one  of  the  special 
features  of  the  3-D  IC.  Widely  different  large 
number  of  information  signals  could  be  trans¬ 
ferred  from  upper  to  bottom  layers,  or  vice- 
versa  through  via-holes  with  1-2  vm  diameter. 

(4)  Multi-function  is  also  one  of  the  special 
features  of  the  3-D  IC.  Each  layer,  or  a  set 
of  several  layers  can  have  their  own  functional 
performance.  Also  at  the  device  level,  differ¬ 
ent  performances,  MOS  and  bipolar,  ani  fiffer- 
ent  characteristics  caused  by  different  process 
technologies  can  be  assigned  to  each  desired 
active  layer.  It  will  be  possible  to  make  use 
of  these  advantages  for  system  design. 

BASIC  TECHNOLOGIES 
(1)  SOX  Technology 

The  basic  technology  for  3-D  ICs  is  to  form 
a  silicon-on-insulating  (SOI)  layer,  and  to 
stack  it  monolithicaly.  Recrystallization  of 
a  polysilicon  film  by  laser-  or  electron-beam 
is  thought  to  be  the  most  suitable  method  be¬ 
cause  the  wafer  temperature  during  crystalliza¬ 
tion  is  kept  low,  and  this  leads  to  the  good 
stability  of  the  underlying  device  performance. 

The  basic  concept  in  the  laser-recrystalli¬ 
zation  C  73  of  the  partially  restricted  active 
area  is  to  control  the  temperature  profile  in 
the  polysilicon  layer  like  twin  peaks  or  peri¬ 
odic  profile  C8,  93  as  shown  in  Fig.  2.  The 
crystallization  proceeds  from  one  nuclei  of 
polysilicon  along  the  desired  direction. 

Fig. 3  summarizes  specific  methods  of  realiz¬ 
ing  the  preferable  thermal  profile  in  the  mol¬ 
ten  zone  of  the  polysilicon: 

a)  shaping  the  intensity  profile  in  the  laser 

or  electron  beam  itself; 

b)  obtaining  a  thermal  profile  by  changing  the 

energy  absorption  characteristics  by  pat- 
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terning  the  antireflecting  thin  film  or 
absorption  layer  on  the  top  of  the  poly- 
silioon; 

c)  changing  the  heat  transfer  selectively  by 
the  material  design  of  the  sample  structure. 

Very  recently,  the  fundamental  relation 
between  the  crystal  quality  of  laser-recrystal- 
lized  SOI  and  the  crystallographic  arrangement 
of  growth  front  was  studied  C 103,  and  thereby 
the  new  technique  for  obtaining  large  single 
crystal  SOI.  Figure  A  shows  the  length  of  the 
single  crystal  regions  from  the  seed  edge 
versus  laser  scan  direction.  The  schematic 
illustration  of  the  sample  structure  and  its 
crystallographic  arrangement  based  on  a  (001) 

Si  seed  is  also  shown  in  Fig. A,  which  is  the 
combination  of  the  lateral  seeding  technique 
£llj  and  use  of  the  patterned  anti  reflecting 
film  Q8,]  to  control  the  shapes  of  the  liquid- 
solid  interfaces .  In  a  <100>  direction,  single 
crystal  growth  has  reached  to  the  chip  end 
without  any  defects  except  the  controlled  sub- 
grainboundaries  beneath  the  antireflecting 
stipes. 

Electrical  characteristics  of  IBS  devices 
on  this  SOI  film  and  their  uniformity  through 
the  wafer  were  extensively  improved.  The  di¬ 
vergence  of  the  threshold  voltage  of  MOSFET/ 

SOI  was  reduced  as  below  8  Z,  and  was  success¬ 
fully  applied  for  fabricating  a  A  bit  QOS 
A/D  converter  which  was  the  first  analogue 
devices  formed  on  SOI  Cl2 ,  13  J. 

(2)  Planarization 

Insulator  surface  of  each  active  layer  in 
the  3-D  structure  should  be  planarized  less 
than  +0.1  um  accuracy  for  obtaining  the  high 
quality  SOI  film  on  it.  Reflow  of  silicate 
glass  (PSG  or  BPSG),  sputter  etching,  CiaI 
spin-on-glass  coating  and  etching  back  techni¬ 
que  with  organic  resist  material  C.  153  have 
been  investigated. 

(3)  Interconnection  Material 


The  interconnection  material  should  be  re¬ 
sistive  to  the  heat  cycle  subjected  in  the 
fabrication  process  steps  for  upper  active 
layers.  Refractive  metal  or  its  silicide  £l3^ 
and  phosphorus  doped  polysilicon  C9  3  were  exa¬ 
mined. 

(A)  Via-Holes 

Via-uoles  with  very  high  aspect  ratio  (i.e. 

1  um  diameter  hole  with  the  height  of  2-3  um) 
will  oe  required.  In  addition  to  fine  pattern¬ 
ing  and  etching,  selective  growth  or  deposition 
of  conductive  materials  in  a  via-hole  is  re¬ 
quired. 

(5)  Low  Temperature  Process 

Process  temperature  should  be  lowered  to 
avoid  the  redistribution  of  doping  profiles  in 
already  finished  devices  in  the  bottom  layer. 

MULTI-LAYER  STRUCTURE 

Up  to  the  present,  a  few  kinds  of  3  levels 
stacked  structure  have  been  reported.  Figure 
5  shows  the  SIM  cross  sectional  view  and  a 
schematic  drawing  of  3-level  3-D  IC  (2  levels 
of  SOI  and  one  bulk-Si)  C 16).  Each  layer  has 
its  own  interconnection  and  can  be  operated 
independently,  and  also  electrically  connected 
vertically  with  another  layer  through  via- 
holes.  Average  surface  electron  mobilities 
obtained  from  2nd  and  3rd  layers  were  close  to 
that  of  bulk-Si  devices. 

3-D  DEVICE 

Several  small-scale  test  devices  have  been 
fabricated  to  make  clear  the  concept  and  the 
future  image  of  the  3-D  IC.  The  image  sensor 
with  a  proper  level  of  intelligence  is  one  of 
the  important  target  cf  3-D  ICs ,  because  it 
can  make  use  of  the  feature  of  3-D  integration 
and  it  will  have  extremely  wide  application 
area. 

Based  on  state-of-art  3-D  device  technolo¬ 
gies  and  on  the  concept  of  3-D  IC,  the  new 
idea  of  the  real  time  image  processor  was  pro- 
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posed  as  shown  in  Fig  6  [l7j,  The  6  layered 
3-D  LSI  consists  of  512-by-512  optical  sensor, 
A/D  converter,  memory,  switch  matrix,  accumula¬ 
tor,  and  memory.  The  main  function  is  the  fea¬ 
ture  extraction,  in  which  a  spatial  convolution 
of  a  3-by-3  pixel  kernel  are  performed  for  512- 
by-512  pixels.  The  system  speed  is  estimated 
to  become  10000  times  over  a  conventional  serial 
processing  by  typical  super-minicomputer. 

Figure  7  shows  one  of  the  small-scali  test 
devices  for  image  signal  processing  fabricated 
in  3-stacked  ICs.  The  first  top  layer  contains 
5x5  image  sensor  pixcells.  The  25  2-bit  A/D 
converters  which  are  connected  to  corresponding 
25  pixcells  are  fabricated  in  the  2nd  layer. 

This  enables  the  parallel  processing  of  the 
image  signals.  The  3rd  layer  consists  of  32 
kinds  of  ALU,  each  of  which  acts  as  an  image 
signal  processing,  as  feature  extraction,  noise 
reduction  or  image  enhancement  etc.  The  per¬ 
formance  of  this  system  through  3  levels  of  IC 
is  shown  in  Fig.  8. 

In  addition  to  those  synthetic  function, 
there  are  some  other  proposals  of  application 
with  new  concepts  Ll83.  Those  are  a  PLA  by  a 
simple  combination  of  AMD-  and  OR-block  pre¬ 
pared  in  top  and  bottom  layers,  respectively,  a 
Logic-in-Memory  which  assign  the  two-dimension- 
ally  accessed  memory  for  video  processing  on 
the  top  layer  and  the  corresponding  micro¬ 
processor  on  the  bottom  layer,  and  a  CAM  which 
has  the  same  configuration  with  logic-in-memory, 
etc. 

PROBLEMS 

The  problems  which  might  be  serious  in 
future  3-D  devices  were  studied 
Limiting  factor  of  total  power  dissipation  and 
heating  of  a  chip  is  mainly  the  thermal  resis¬ 
tivity  from  inside  the  package  to  the  outside 
in  3-D  structure  as  well  as  in  2-D  VLSI. 
Therefore  the  problems  of  heating  in  3-D  IC 
are  essentially  the  same  as  with  the  case  of 
2-D  VLSI,  as  far  as  the  integration  level  of 


devices  is  the  same.  It  will  become  a  problem 
in  ultra  large  scale  integration.  For  example, 
the  device  containing  10  million  elements,  if 
each  element  dissipates  5  uW,  dissipates  50  W. 
Therefore,  an  innovation  of  the  packing  tech¬ 
nology  will  be  required  in  future. 

Signal  cross  talk  will  be  more  serious  in 
3-D  IC  than  2-D  VLSI,  which  includes  the  cases 
of  DC  back  gate  bias  to  back  channel  of  SOI 
transistors  and  high  frequency  operation  of 
the  circuits  C 19  J  .  For  high  frequency  opera¬ 
tion,  it  has  been  investigated  that  signals  of 
two  circuits  arranged  in  a  stacked  from  with 
upper  and  lower  layers  affected  each  other,  in 
which  one  signal  was  superposed  to  another 
signals  as  a  noise  when  two  frequencies  were 
far  apart,  and  two  signals  were  locked  in  the 
same  frequency  when  two  frequencies  became 
close.  It  has  been  also  reported  that  the 
cross  talk  depends  on  the  structural  parameters 
as  well  as  the  layout  and  the  performance  of 
the  devices.  A  shielding  plate  between  upper 
and  lower  devices  may  be  necessary  for  prevent¬ 
ing  the  cross  talk  in  3-D  structure. 

SUMMARY 

The  3-D  IC  is  now  in  the  early  stage  of 
fundamental  research.  Extensive  work  is  still 
required  in  both  process  technology  and  archi¬ 
tecture  design  of  chip  and  system  for  realiz¬ 
ing  the  sophisticated  3-D  IC.  However,  memory 
or  logic  chip  which  has  even  2  stacked  layers 
is  worthy  for  commercial  use  if  it  is  produced 
at  reasonable  cost  under  the  stable  and  relia¬ 
ble  fabrication  technology.  This  may  enhance 
the  3-D  IC  development  and  push  forward  the 
time  table  for  wide  spread  availability  of 
3-D  ICs  in  more  complicated  multi-layer 
structure. 
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3-D  STRUCTURE 

monouthk; 


(A.)  FUP-OOP 


cb)  Q.VC  CdL)  MULTLAYER 

Fig.  1  Basic  Concepts  of  3-D  device  structure  (a)  Two  2- 
D  LSI  connected  by  flip-chip  bonding,  (b)  Chip  atta 
chiment  by  press,  (c)  Partially  stacked  structure 
in  transistor  level  in  monolithic  3-D  IC.  (d)  comp¬ 
letely  stacked  LSI  in  3-D  monolithic  structure. 
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Fig. 2  Various  kinds  of  recrystallization  methods  to  make  a  preferable  thermal  profile 
in  the  molten  zone  of  the  polysilicon,  a)  By  the  intensity  profile  of  laser  or  electronheam 
spot  ©  Beam  profile  change  by  using  mask  (Stanford  University,  single  crystal  of  45 
am  x  50  am).  ©  Donut-type  beam  by  osciliation  mode  modification  (Fujitsu,  crystal 
of  SOO-nm  length).  ®  Beam-splitting  type  (NEC,  crystallized  area  of  20  am  x  1  mm). 
©  Double  laser  beams  (Fujitsu,  20  am;  Matsushita.  14  mm).  ©  Electron-beam  oscil¬ 
lation— oscillatory  growth  method  (AT4T  Bell  Labs.,  SO  am  x  50  am).  ©  QuasMinear 

electron  beam  (Toshiba,  Tokyo  Institute  of  Technology,  200  am),  b)  By  patterning  the  an¬ 
tireflection  thin  Aim  or  absorption  layer  on  the  top  of  the  polysilicon  (selective  recryt- 
tallization).©  Stripe-patterned  antireflecting  thin  Aim  (CNET.  Mitsubishi,  20  am  X  400 

am).®PattemedantiteflectingthinAlm  (Fujitsu).®  Changing  the  reflectivity  (moated 
island)  (General  Electric,  14  am  x  50  am).  ©Indirect  heating  (Fujitsu,  20  am  x  (0 

arnL  ©  Double  poty-Si  layer  recrystalUzatlon  (Sharp),  o  By  modifying  the  heat  transfer 
from  molten  zone  of  poiy-Si.  ©Locos  island  (edge  heating  (Tl,  HP,  Mitsubishi,  Mat¬ 
sushita,  Sharp,  10  am  x  SO  am).  ©BurietLstripe  structure  (NEC,  12  am  x  500  am). 
©Reliel  structure  of  SiO,  (control  of  thermal  flow  to  a  substrate)  (Mitsubishi,  8  am  x  200 
am).  ©Heat  sink  structure  (Fujitsu). 
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Recent  advances  in  bipolar  technology  are  reviewed.  The  key  features  of  the  advanced  bipolar  devices 
are  identified  and  the  trends  for  future  development  discussed.  The  scaling  of  high-speed  circuits  and  the 
properties  of  the  scaled  devices  are  also  reviewed. 


1.  INTRODUCTION 

There  is  no  question  that  advances  in  CMOS  technology 
have  generated  most  of  the  excitements  in  silicon  VLSI  tech¬ 
nology  in  recent  years.  Perhaps  more  surprizing  to  most 
people  is  the  fact  that  there  have  been  very  exciting  develop¬ 
ment  in  the  silicon  bipolar  front  as  well.  Not  only  has  bipolar 
technology  remained  the  technology  of  choice  for  applica¬ 
tions  where  circuit  speed  is  of  primary  importance,  it  has  also 
demonstrated  its  VLSI  capability  as  well.  The  last  few  years 
saw  particularly  exciting  developments  in  silicon  bipolar 
technology,  including  sub-SOps  NTL  and  ECL  [1,2],  high¬ 
speed  as  well  as  high-density  RAM  chips  [3-5],  8b  A/D  con¬ 
verter  in  the  350-400MHz  range  [6,7],  and  frequency  divider 
approaching  10GHz  [8], 

In  this  paper,  the  breakthrough  responsible  for  this  sudden 
acceleration  in  bipolar  technology  development  is  discussed. 
By  examining  the  key  elements  of  the  advanced  bipolar  tech¬ 
nology,  the  directions  and  trends  for  future  development  are 
established.  The  properties  of  the  scaled  bipolar  devies  are 
also  discussed. 


trench  isolation  greatly  reduce  the  device  area  and  the  asso¬ 
ciated  parasitic  capacitance,  and  hence  significantly  reduce 
the  power-delay  product  and  increase  the  density  of  bipolar 
circuits.  The  various  advanced  devices  and  processes  cited 
above  represent  efforts  by  different  companies  to  develop 
their  own  version  of  self-aligned  device  structure.  Most  self- 
aligned  device  structures  have  comparable  but  low  parasitic 
capacitance,  at  least  as  far  as  high-speed  circuit  applications 
are  concern.  The  focus  of  future  development  effort  will  be 
on  reducing  process  complexity,  comparability  with  narrow- 
base  process,  and  extendability  to  submicron  dimensions. 


2.  ADVANCED  BIPOLAR  TECHNOLOGY 

There  have  been  many  reports  on  novel  bipolar  device 
structures  and/or  processes,  such  as  PSA  and  APSA  [9],  SST 
[10],  SICOS  [11]  or  symmetrical  transistor  [12],  BEST  [13], 
SCOT  [14],  OXIS-MI  [15],  and  self-aligned  bipolar  [16]. 
Figure  1  shows  the  schematics  of  two  of  these  devices  to¬ 
gether  with  deep-trench  isolation  [  1 7, 1 8].  It  clearly  illustrates 
the  three  key  features  of  the  advanced  bipolar  technology, 
namely  (i)  self-aligned  base  contact,  in  this  case  using 
polysilicon,  (ii)  deep-trench  isolation,  and  (iii)  polysilicon 
emitter  contact.  Both  the  self-aligned  structure  and  the 


Fig.  1.  Schematics  of  two  advanced  bipolar  transistors,  from 
Ref.  [17]  (top)  and  Ref.  [18]  (bottom),  showing  their  three 
key  features,  namely  i)  self-aligned  base  contact,  ii)  deep- 
trench  isolation,  and  iii)  polysilicon  emitter  contact. 
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Deep-trench  isolation  has  the  biggest  leverage  in  memory 
applications.  That  is  why  the  early  applications  of  deep- 
trench  isolation  were  mostly  to  memory  designs  [19,20}.  Of 
course,  deep-trench  isolation  does  improve  logic  circuit 
speeds  as  well  [17,20],  The  trenches  have  been  Tilled  with 
oxide  [17],  or  with  oxide  and/or  nitride  and  then  filled  with 
polysilicon  [20,21].  Conceptually,  the  polysilicon-Tilled 
trenches  cannot  be  made  narrower  than  the  oxide-filled 
trenches  due  to  the  thickness  of  the  liners.  However,  as  long 
as  the  trenches  are  not  too  wide,  the  leverage  of  an  extra¬ 
narrow  trench  is  not  dear.  The  trend  is  therefore  to  reduce 
process  complexity  and  not  necessarily  to  reduce  trench 
width. 


Fig.  2.  Base  current  density  as  a  function  of  the  thickness  of 
the  emitter  polysilicon  contact  layer  [22].  Data  represented 
by  the  same  symbol  were  from  the  same  wafer.  It  suggests 
that  the  polysilicon  should  be  thicker  than  about  50  nm  for 
maximum  current  gain. 

The  polysilicon  emitter  contact  by  itself  has  negligible  ef¬ 
fect  on  circuit  speed  [16].  Its  primary  importance  is  to  im¬ 
prove  the  current  gain  so  that  the  bipolar  device  can  be  scaled 
down  vertically  without  having  emitter-collector 
punchthrough  problem.  The  data  [22]  shown  in  Fig.  2  suggest 
that  the  emitter  polysilicon  layer  thickness  should  be  greater 
than  about  50  nm.  Once  current  gain  is  adequate,  the  most 
important  factor  in  determining  the  polytilicon  emitter  proc¬ 
ess  is  the  emitter  series  resistance,  usually  attributable  to  the 


polysilicon-silicon  interface.  Significant  circuit  speed  degra¬ 
dation  can  result  if  emitter  resistance  is  not  controllabiy  low 
[23]. 

3.  BIPOLAR  SCALING 

The  exponential  I- V  relationship  gives  bipolar  devices  high 
transconductance.  It  also  implies  that  the  diode  turn-on 
voltage  remains  relatively  constant  in  scaling,  increasing  at  a 
slow  rate  of  about  60mV/decade  increase  in  current  density. 
As  a  result,  the  power-supply  voltage  remains  approximately 
constant  in  bipolar  scaling. 

The  design  and  scaling  procedure  for  high-speed  ECL  cir¬ 
cuits  have  been  discussed  in  detailed  in  [24,25],  The  central 
idea  in  ECL  scaling,  which  is  applicable  to  bipolar  circuits  in 
general,  is  to  reduce  the  horizontal  and  the  vertical  dimen¬ 
sions  in  a  coordinated  manner  so  that  all  the  key  delay  com¬ 
ponents  are  reduced  approximately  proportionately  in  scaling. 
The  scaling  reiues  for  ECL  circuits  are  shown  in  Table  1.  It 
suggests  that  circuit  delays  in  proportion  to  the  emitter-stripe 
width  can  be  expected.  Figure  3  is  a  plot  of  the  ECL  and  NTL 
ring-oscillator  circuit  speeds  as  a  function  of  the  emitter- 
stripe  width,  compiled  from  several  recent  publications.  Al¬ 
though  there  is  quite  a  bit  of  scattering  in  the  data,  it  does 
indicate  that  the  advanced  seif-aiigned  bipolar  devices  can  be 
scaled  down  to  sub-micron  dimensions  and  achieve  perform¬ 
ance  improvements.  Of  course,  consistent  with  the  concept 
of  scaling,  the  other  horizontal  and  vertical  dimensions  should 
be  reduced  with  the  emitter-stripe  width  in  order  to  achieve 
the  optimal  design. 


Table  1.  ECL  Scaling  Rules  [2S]  (a:  lithography 
dimension  and  emitter  width) 


Parameter 

Rule 

Base  width,  W„ 

aM 

Base  doping  level,  Nb 

wb-> 

Collector  current  density,  Jc 

a-2 

Collector  doping  level, Nc 

Jc 

Circuit  delay 

a 

Supply  voltage 

constant 

The  scaling  rules  in  Table  1  also  suggests  that  in  order  to 
achieve  scaled  circuit  delay,  the  current,  and  hence  the  power 
dissipation,  of  the  circuit  remains  essentially  constant  in  seal- 
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ing.  Thus,  with  power  dissipation  per  circuit  remaining  in  the 
milliwatt  range  for  high-speed  designs,  the  integration  level 
of  scaled  ECL  logic  chips  will  be  severely  limited  by  the  total 
chip  power  dissipation.  Circuit  and  design  innovations  are 
needed  to  overcome  this  limitation  and  extend  the  application 
of  bipolar  technology  to  VLSI  integration  level  [26]. 


EMITTER  STRIPE  WIOTH  l/im) 


Fig.  3.  Bipolar  ECL  and  NTL  ring-oscillator  speed  as  a 
function  of  emitter-stripe  width,  compiled  from  recent  publi¬ 
cations.  It  show  that  the  seif -aligned  devices  are  much  faster 
than  the  conventional  non-self-aligned  ones,  and  can  achieve 
speed  improvement  in  scaling  down  to  sub-O.S/tm  dimen¬ 
sions. 

4.  PROPERTIES  OF  SCALED  BIPOLAR  DEVICES 

The  physics  of  the  advanced  bipolar  devices,  particularly 
in  the  submicron  dimensions,  remains  to  be  studied  exten¬ 
sively.  An  in-depth  understanding  of  the  physics  of  the 
submicron  devices  is  needed  in  order  to  realize  the  perform¬ 
ance  potential  suggested  by  the  scaling  theory.  However, 
many  of  the  properties  of  the  scaled  bipolar  devices  can  be 
anticipated  from  examining  the  scaling  rules  in  Table  1. 

The  combination  of  constant  supply  voltage  and  increased 
base  doping  level  suggests  that  excessive  leakage  current  due 
to  tunneling  [27,28]  and  hot-carrier  degradation  [29]  in  the 
emitter-base  junction  could  become  problems  in  scaled  de¬ 
vices.  Device  and  circuit  design  constraints  due  to  these  ef¬ 
fects  remain  to  be  established. 

While  heavy-doping  or  band-gap  nanowing  effect  in  the 
emitter  region  degrades  the  current  gain  by  enhancing  the 
base  current,  heavy-doping  effect  in  the  base  region  increases 


the  current  gain  by  enhancing  the  collector  current.  Thus, 
with  the  base  doping  level  increasing  in  scaling,  current  gain 
is  not  expected  to  be  a  problem  in  scaled  devices  [30].  Fur¬ 
thermore,  as  the  base  band-gap  is  reduced  due  to  heavy¬ 
doping  effect,  the  collector  current  becomes  less  sensitive  to 
temperature  variation.  It  should  therefore  be  possible  to 
achieve  adequate  current  gain  at  temperatures  as  low  as  77K 
for  properly  designed  scaled  devices  [30,31]. 

The  rapid  increase  in  current  density  implies  that  current- 
stress-induced  device  instability  could  also  occur  in  scaled 
devices  [32]. 

There  is  always  a  perimeter  transistor,  associated  with  the 
perimeter  emitter-base  junction,  in  parallel  with  the  intrinsic 
transistor,  associated  with  the  center  or  areal  emitter-base 
junction.  As  the  eimtter-stripe  width  is  scaled  down  to 
submicron  dimensions,  the  perimeter  could  become  more  and 
more  dominant  unless  special  effort  is  made  to  minimize  its 
effect.  Thus,  electrical  characteristics  of  the  submicron  de¬ 
vice  could  become  a  function  of  the  emitter-stripe  width, 
giving  rise  to  the  so-called  narrow-emitter  effect.  This  effect 
is  a  strong  function  of  the  details  of  the  device  structure  as 
well  as  the  details  of  the  emitter  and  base  formation  proc¬ 
esses.  Just  as  short-channel  effect  must  be  considered  in 
submicron  MOS  device  design,  narrow-emitter  effect  must 
be  considered  in  submicron  bipolar  device  design  [33-35]. 
Significant  performance  degradation  could  result  if  design 
optimization  does  not  include  narrow-emitter  effects. 

5.  SUMMARY 

Today’s  advanced  bipolar  transistors  are  generally  char¬ 
acterized  by  one  or  combinations  of  the  following  three  sali¬ 
ent  features,  namely  (i)  self-aligned  structure,  (ii) 
deep-trench  isolation,  and  (iii)  polysilicon  emitter  contact. 
High-speed  ECL  or  ECL-like  circuits  can  have  delays  re¬ 
duced  approximately  linearly  with  dimension  in  scaling,  but 
only  at  approximately  constant  power  dissipation.  Many  new 
device  physics  can  be  anticipated  from  the  bipolar  scaling 
theory.  They  must  be  understood  in  order  to  realize  the  full 
potential  of  the  scaled  advanced  bipolar  technology. 
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1.  INTRODUCTION 

In  this  paper  a  comparison  is  made 
between  two  high  performance  bipolar 
processes  with  self-aligned  features. 


2.  TECHNOLOGY 

2.1  Process  steps  of  PABLO 
In  the  PABLO  process  (figure  1)  a 
stack  of  lpcvd  layers  is  deposited. 

With  nitride  and  oxide  as  a  mask  the 
second  polysilicon  layer  is  etched  and 
the  sidewalls  are  laterally  oxidized, 
(figure  la). 

The  nitride  is  etched.  Boron  for  the 
external  base  is  implanted.  The  lateral 
oxide  is  removed  and  again  a  thin  oxide 
is  grown.  Nitride  is  etched,  (figure 
1b). 


FIGURE  2 

Cross  sectional  view  of  the  PABLO 
transistor. 


FIGURE  1 

Main  processing  steps  of  the  PABLO 
process 

Next  the  exposed  parts  of  the  first  and 
second  polysilicon  layer  are  etched. 
Boron  is  implanted  into  the  groove 
(figure  lc). 

The  groove  is  oxidized  and  nitride  is 
etched  on  the  emitter  area.  Boron  is 
implanted  into  the  polysilicon.  After 
base  drive-in  the  emitter  is  implanted 
and  driven  in.  (figure  Id) 
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2.2  Process  steps  of  Double  Poly 

In  the  double  poly  process  (figure 
3),  a  polysilicon  layer  is  deposited 
and  heavily  implanted  with  boron.  Then 
an  oxide  layer  is  deposited  and  the 
polysilicon  area's  are  defined.  Both 
the  oxide  and  polysilicon  layers  are 
etched  by  RIB.  A  thin  oxide  is  grown 
and  the  intrinsic  base  is  implanted 
through  this  oxide,  (figure  3a). 

Another  oxide  layer  is  deposited  and 
oxide  spacers  are  formed  by  anisotropic 
etching,  (figure  3b). 

A  second  polysilicon  layer  is  deposited 
and  arsenic  is  implanted.  The  second 
polysilicon  layer  is  patterned  (figure 
3c)  Then  the  emitter  drive-in  is 
performed. 


FIGURE  4 

Cross  sectional  view  of  the  Double  Poly 
transistor 


Be  B* 


FIGURE  3 

Main  processing  steps  of  the  Double 
Poly  process 

3.2  Dry  etching  of  Polysilicon 
In  the  double  poly  concept  the 
polysilicon  is  removed  from  the  base 
area  by  a  non-selective  dry  etching 
method.  Due  to  the  grain  size  of  the 
polysilicon  it  could  be  difficult  to 
obtain  a  smooth  surface.  In  the  PABLO 
process  only  the  connection  between 
intrinsic  and  extrinsic  base  is 
etched. 


3.  TRANSISTOR  FEATURES 
3.1  External  Base 

In  both  processes  the  external  base 
is  within  submicron  range  of  the 
intrinsic  transistor.  Moreover  the 
emitter  width  is  lesB  then  the  smallest 
lithographic  d Irens ion. 


3.3  Emitter  edge  capacitance 
When  scaling  down  the  emitter  width 
the  emitter-base  edge  capacitance 
becomes  increasingly  important.  In  the 
PABLO  process  the  emitter  edge  is 
butted  against  the  PABLO  groove.  Thus 
the  emitter-base  edge  capacitance  is 
significantly  reduced. 
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3.4  premature  punchtrough 
In  order  to  prevent  premature 
punchthrough  it  is  necessary  to  avoid 
a  local  high  base  resistance  rim 
around  the  emitter  edge.  (2)  This 
means  that  a  hookup  implantation  is 
necessary  under  the  spacer,  unless  the 
spacer  width  is  less  then  0.2  to  0.3 
micron.  In  the  double  poly  concept 
this  implantation  is  the  same  as  the 
implantation  for  the  intrinsic  base. 

In  the  PABLO  concept  this  implantation 
is  independent  of  the  intrinsic  base 
area. 


— *■  depth  (microns) 


FIGURE  5 

SIMS  profile  of  a  Double  diffused 
transistor.  The  basewidth  and 
emitterdepth  are  both  approximately 
0.15  micron. 


3.5  Implantation  Damage 
In  order  to  prevent  implantation 
damage  it  is  best  to  use  ,-olysilicon 
as  a  diffusion  source,  (double 
diffused)  In  this  case  in  the  double 
poly  concept  the  link  between 
intrinsic  and  extrinsic  base  must  be 
provided  by  lateral  diffusion.  But 
making  the  hookup  area  to  small  leads 
to  excess  lateral  diffusion  of  the 
baseboost.  In  the  PABLO  concept  the 
dope  of  the  hookup  area  can  be  tuned. 
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The  application  of  rapid  thermal  annealing  (RTA)  of  ion  implanted  impurities  for  the 
formation  of  shallow  junctions  provides  advantages  of  reducing  dopant  distribution  while 
removing  the  lattice  damage.  The  higher  temperature  processing  also  improves  the  elec¬ 
trical  activity  of  the  dopants.  The  physical  mechanisms  of  the  redistribution  and  acti¬ 
vation  of  ion  implanted  impurities  are  complex  and  RTA  provides  a  valuable  tool  for 
investigating  the  details. 


The  scaling  of  silicon  devices  to  smaller  dimensions 
requires  new  methods  for  fabricating  the  necessary 
shallow  structures.  Bipolar  transistors  in  particular  re¬ 
quire  in  addition  very  precise  dopant  control  which  is 
provided  only  by  the  ion  implantation  process.  The  re¬ 
moval  of  the  damage  to  the  crystalline  lattice  produced 
by  the  ion  implantation  process  as  well  as  the  activation 
of  the  dopant  require  thermal  annealing  during  which  a 
diffusive  redistribution  of  the  dopant  atoms  occurs. 
While  diffusion  may  be  reduced  either  by  reducing  the 
temperature  or  reducing  the  time  of  the  anneal,  the  two 
methods  are  not  equivalent.  For  example,  it  was 
pointed  out  by  Sedgwick  [1]  and  subsequently  demon¬ 
strated  experimentally  by  Seidel  [2]  for  arsenic  im¬ 
plants,  that  the  removal  of  extended  defects  involves 
the  transport  of  silicon  atoms  which  requires  a  higher 
activation  energy  (~5  ev)  than  the  diffusion  of  of  the 
arsenic  impurities  (~4  ev).  Defect  removal  for  the  case 
of  boron  implantation  is  also  governed  by  a  S  ev  acti¬ 
vation  energy  [3j,  while  the  boron  diffusivity  is  acti¬ 
vated  by  only  3.S  ev.  Thus  to  minimize  the  dopant 
motion  and  still  remove  the  implantation  damage  de¬ 
mands  annealing  at  high  temperature  for  short  times. 

Perhaps  a  more  important  factor  that  favors  the  high 
temperature  short  time  process  for  the  case  of  high  im¬ 
purity  concentration  is  that  the  solubility  limit  in¬ 
creases  with  temperature.  This  applies  to  all  the 
common  dopants  for  silicon.  Figure  1  shows  the  solu¬ 


bility  limit  plotted  vs  reciprocal  temperature  for  arsenic 
and  boron.  The  important  characteristic  for  device 
performance  is  the  electrical  solubility  which  may  be 
much  less  than  the  physical  solubility.  The  "clustering" 
phenomenon  of  arsenic  in  silicon  limits  the  electrical 
activity  to  concentrations  well  below  the  physical  solu¬ 
bility  limit  at  a  given  temperature.  An  increase  by  a 
factor  of  3  in  electrically  active  arsenic  may  be  achieved 
by  annealing  at  1150°C  rather  than  800°C.  Wilson  [4] 
has  reported  that  high  temperature  rapid  anneals 
produce  similarly  large  improvements  in  the 
conductivity  of  arsenic  doped  polycry stalline  silicon, 
which  is  particularly  relevant  for  bipolar  transistors 
with  arsenic  doped  polysilicon  emitters.  As  seen  in  Fig. 
1  the  electrical  solubility  of  boron  exhibits  an  even 
greater  temperature  dependence  than  that  of  arsenic. 
In  addition,  for  ion  implanted  boron  annealed  at  low 
temperature,  a  major  fraction  of  the  boron  may  be 
electrically  inactive  even  though  the  maximum  concen¬ 
tration  is  well  below  the  equilibrium  electrical  solubility 
limits  of  Fig.  1  [5].  For  this  condition  the  boron  is 
prohably  trapped  on  defects  which  have  not  been  re¬ 
moved  by  the  low  temperature  anneal.  In  any  case  the 
sheet  resistance  is  greater  for  a  low  temperature  anneal 
than  one  performed  at  higher  temperature. 

Another  factor  that  must  be  considered  is  that  of  an 
anomalous  displacement  produced  by  the  anneal  of  ion 
implanted  samples.  For  arsenic  the  majority  of  the  data 
is  capable  of  being  fit  with  accepted  diffusion  mech- 
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anisms  and  hence  there  does  not  appear  to  he  in  anom¬ 
alous  transient  effect  [6],  There  are  still  some 
unresolved  questions  concerning  the  time  constant  for 
the  clustering  process  which  controls  the  amount  of 
arsenic  free  to  move  st  the  banning  of  the  anneal  cycle 
and  hence  on  the  amount  of  displacement  obtained. 

T  (#C) 

1300  1100  1000  900  BOO  700 


Figure  1 

Impurity  solubility  vs  1/T. 


Boron  transient  diffusion  at  various  temperatures. 


Boron  implants,  on  the  other  hand,  may  exhibit  a 
large  anomalous  transient  displacement  depending  on 
tike  anneal  temperature  [5,7-9].  Fig.  2  shows  profiles 
of  implanted  boron  before  and  after  annealing  at  several 
temperatures  between  800  and  1000°C.  An  anneal  at 
800°C  for  35  minutes  may  produce  a  displacement  in 
the  tow  concentration  tail  region  of  the  order  of  200  out 
By  anneellng  at  higher  temperatures,  ~1000°C,  for  S 
seconds,  the  anomalous  displacement  of  the  junction  is 
diminished  to  ~50  nm.  Also,  aa  mentioned  above,  the 
electrical  activity  of  the  layer  is  increased  by  the  higher 
anneal  temperature.  The  anomalous  diffusion  persists 
down  to  temperatures  as  low  as  700°C  as  shown  in  Fig. 
3.  The  shape  of  the  depth  profile  also  exhibits  a  de¬ 
pendence  on  the  anneal  temperatures.  At  700  and 
800°C  relatively  little  motion  of  the  boron  occurs  in  the 
region  of  the  peak  and  the  profile  forms  bulges  on  both 
sides  of  the  peak.  As  the  anneal  temperature  is  in¬ 
creased  the  bulges  are  displaced  to  higher  concen¬ 
trations  ,  until  at  1000°C  all  of  the  boron  is  involved  in 
the  redistribution.  Thus  as  the  temperature  is  increased 
e  greater  number  of  boron  atoms  participate  in  the 
anomalous  diffusion.  The  electrically  active  concen¬ 
tration  limit  also  coincides  with  the  position  of  the 
bulges;  it  appears  that  the  mobile  boron  is  that  which 
is  electrically  active  [7].  The  time  duration  of  the 
anomalous  transient  also  diminishes  rapidly  with  in¬ 
creasing  temperature  from  ~60  min  at  800°C  to  ~1  sec 
at  1000°C.  A  complete  understanding  of  the  transient 
enhanced  diffusion  is  still  lacking,  however,  it  is  likely 


Transient  diffusion  at  700°C. 
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that  the  basic  mechanism  is  caused  by  the  dissolution 
of  clusters  of  interstitial  silicon  atoms  formed  during 
the  implantation  process.  Recent  experiments  on  dam¬ 
age  introduced  by  silicon  implantation  into  stabilized 
boron  profiles  [10]  support  such  a  mechanism  snd  also 
demonstrate  another  phenomenon,  namely,  the  re¬ 
duction  of  anomalous  diffusion  in  the  region  of  high 
damage.  Fair  [11]  proposed  that  the  formation  and 
growth  of  extended  defects  sinks  the  silicon  interstitial 
population  which  reduces  the  boron  diffusion. 


Boron  channeling  tail  at  low  energy  and  transient  dif¬ 
fusion. 


The  channeling  along  axial  and  planar 
crystallographic  directions  is  a  major  contributor  to  the 
junction  depth  of  boron  layers  formed  by  low  energy  ion 
implantation  [12].  Fig.  4  shows  the  long  channeling  tail 
and  the  anomalous  motion  for  a  5  keV  boron  implant. 
As  demonstrated  by  Crowder  [13],  pre-amorphization 
of  the  crystalline  lattice  effectively  eliminates  the  boron 
channeling  tail.  The  existence  of  anomalous  transient 
diffusion  of  boron  implanted  into  amorphized  silicon  is 
controversial.  Much  of  the  controversy  In  regard  to 
RTA  is  explained  by  a  lack  of  knowledge  of  the  sample 
temperature  which  is  difficult  to  measure  absolutely  in 
a  nan-invasive  way.  Uncertainties  of  the  thickness  and 
abruptness  of  the  amorphized  layer,  which  for  Si  ion 
bombardment  depends  on  the  substrate  temperature 
daring  implantation,  also  contribute  to  the  disagree¬ 
ment  In  a  recent  study  by  Sedgwick  [14],  in  which 
special  attention  was  given  to  temperature  determi¬ 


nation  and  amorphous  layer  thickness,  the  motion  dur¬ 
ing  RTA  of  boron  Implanted  into  amorphized  silicon  are 
fit  by  diffusion  modeling  without  invoking  anomalous 
transient  effects.  Fig.  S  shows  a  comparison  between 
the  measured  and  modeled  profiles  far  two  rapid 
annealed  samples. 


Boron  diffusion  in  pre-amorphized  Si. 


The  reported  electrical  activity  of  boron  implanted 
into  amorphized  silicon  also  suffers  from  considerable 
disagreement.  Comparing  boron  implanted  into  pre- 
amorphized  and  crystalline  silicon,  Yamada  [IS],  using 
1  hour  furnace  anneals,  finds  lower  sheet  resistance  for 
pre-amorphized  samples  annealed  at  temperatures  be¬ 
low  900°C  and  the  same  sheet  resistance  for  samples 
annealed  at  higher  temperatures.  The  resistances  values 
indicate  that  during  the  solid  phase  epitaxial  regrowth 
of  the  amorphous  layer  boron  is  incorporated 
subetitutionally  into  the  lattice  at  concentrations  far  in 
excess  of  the  solubility  limit.  Sedgwick  [14]  finds  boron 
precipitation  and  higher  resistance  in  amorphized  sam¬ 
ples  than  in  their  crystaline  counterparts  for  anneal 
temperatures  above  950°.  Vasudev  [16]  obtained  much 
lower  sheet  resistance  values  with  2  minute  anneals  at 
600 °C  than  with  longer  30  minute  800 °C  anneals  and 
still  lower  values  with  values  with  a  two  step  anneal 
consisting  of  110  sec  at  600°C  followed  by  10  sec  at 
1100°C.  The  electrical  activity  of  boron  in 
recrystalized  amorphized  layers  is  likely  to  be  sensitive 
to  other  impurities  which  may  act  as  nucleation  sites  far 
precipitates. 
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A  problem  with  the  pre-amorphizatioc  technique 
for  the  production  of  (hallow  junction!  is  the  failure  to 
remove  die  extended  defects  farmed  just  below  the 
amorphous  layer.  Such  defects  are  a  particular  hazard 
for  bipolar  transistor*  In  that  they  are  a  potential  source 
for  "pipes"  and  may  represent  a  significant  yield  de¬ 
traction.  Sands  [17]  has  demonstrated  defect-free  re¬ 
growth  wring  Ge  ions  for  amorphization  and  RTA  at 
11S0°C.  Ajmera  and  Rozgonyi  [18]  also  employed  Ge 
ions  and  RTA  to  eliminate  both  end  of  range  defects  aa 
well  as  the  residual  damage  produced  by  implantation 
through  a  sloping  SiOa  mask  edge.  The  determination 
of  "defect  free"  was  based  on  transmission  electron  mi¬ 
croscope  observations  which  servey  only  a  small  volume 
of  the  sample,  and  the  possible  degredation  of  yield  for 
bipolar  devices  has  yet  to  be  evaluated. 


DEPTH  (ANGSTROMS) 

Figure  6 


Chemical  and  carrier  profiles  for  very  low  energy  boron 
implants  after  10  sec  anneal  at  1050°C. 

Another  technique  reported  by  Davies  [19]  combin¬ 
ing  rapid  thermal  annealing  with  very  low  energy  boron 
implants  Into  crystalline  silicon  has  shown  considerable 
promise  in  the  quest  for  very  shallow  junctions.  Fig  6 
shows  a  SIMS  profile  as  well  as  a  carrier  concentration 
profile  obtained  by  the  spreading  resistance  technique. 
The  junction  depth  determined  from  the  SIMS  profile 
Is  considerably  greater  then  that  obtained  from  the 
spreading  resistance  profile.  It  is  generally  observed 
that  the  Junction  depth  obtained  from  carrier  profiles, 
whether  determined  hy  spreading  raelstance  or  differ¬ 
ential  conductivity  measurements  or  from  simple  bevel 
and  stain  measurements  are  generally  shallower  than 


the  SIMS  chemical  profiles  for  boron.  A  satisfactory 
explanation  for  this  is  still  lacking. 

I  wish  to  thank  M.  Demeo  for  performing  the  im¬ 
plantation,  G.  Scilla  for  providing  the  SIMS  profile,  and 
E.  Gorey  for  providing  the  spreading  resistance  data  on 
the  2  keV  boron  sample. 
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Recent  progress  on  the  recrystallization  of  silicon-on-insulator  (SOI)  films  by  a 
pseudoline  electron  beam  is  reviewed.  The  pseudoline  beam  was  produced  by  scanning 
a  spot  beam  along  a  line  faster  than  the  thermal  response  time  of  the  substrate. 

In  order  to  obtain  a  large  SOI  region  without  sub- boundaries  and  voids,  such  recrys¬ 
tallization  conditions  as  the  scanning  waveform  to  produce  a  psuedoline  beam,  the 
scanning  direeiton  and  velocity  of  the  pseudoline  beam,  the  seed  direction,  and  so  on 
were  optimized.  A  single  crystal  SOI  area  of  100  pm  square  was  thus  obtained. 


1.  INTRODUCTION 

Electron  beam  (e-beam)  recrystallization  is 
one  of  the  most  promising  techniques  to  fabri¬ 
cate  silicon-on-insulator  (SOI)  structures 
suitable  for  three-dimensional  integration. 
Particularly,  use  of  a  pseudoline  e-beam  [1-6], 
in  which  a  spot  beam  is  scanned  along  a  line 
faster  than  the  thermal  response  time  of  the 
substrate,  is  interesting  from  a  viewpoint  of 
productivity,  as  well  as  use  of  a  line  beam 
[ 7—9 1 -  The  scanning  waveform  to  produce  a 
pseudoline  beam  was  initially  a  sinusoidal  wave, 
which  gave  an  increasing  temperature  profile 
towards  both  edges  of  the  line  and  recrystal¬ 
lized  the  molten  zone  from  its  center  as  a 
single  crystal  [2,3].  More  recently,  a  new 
waveform,  an  amplitude  modulated  sinusoidal 
wave,  was  proposed  and  successfully  applied  to 
recrystallization  of  large  area  SOI  films  (41. 

However,  there  are  still  a  few  problems  in 
the  pseudoline  e-beam  recrystallization  method, 
which  are  similar  to  those  in  the  line  beam 
method.  The  first  one  is  generation  of  sub- 
boundaries  which  is  inherently  observed  in  the 
recrystallized  large  SOI  region,  and  the  second 
one  le  generation  of  voids  in  the  SOI  film, 
which  is  pronounced  near  the  seed  regions  where 
the  Si  film  is  directly  in  contact  with  the  Si 
substrate.  In  this  paper,  we  review  the  recent 
progees  of  the  studies  on  their  generation 
mechanisms  and  suppression  methods. 


2.  EXPERIMENTAL  PROCEDURE 

A  schematic  diagram  of  the  electron  beam  an¬ 
nealing  system  used  in  this  experiment  is  shown 
in  Fig.1.  A  pseudoline  electron  beam  abut  450 
Pm  long  was  synthesized  by  scanning  a  spot  beam 
with  about  500-kHz  sinusoidal  or  triangular 
signals  which  were  applied  to  the  X  and  Y  elec¬ 
trostatic  deflection  plates.  The  acceleration 
voltage  and  the  diameter  of  the  spot  beam  were 
10  kV  and  240  pm,  respectively.  The  pseudoline 
beam  was  then  scanned  electromagnetically  as  a 
whole  with  velocities  from  0.1  to  10  cm/s.  The 
oblique  angle  0  between  the  scanning  direction 
of  the  pseudoline  beam  and  the  line  normal 
direction  was  changed  from  0*  to  60°by  changing 
the  ratio  of  the  X  and  Y  amplitudes. 

In  the  sample  preparation,  1- pa-thick  Si02 
films  were  first  deposited  on  Si(001)  wafers 
using  plasma-enhanced  chemical  vapor  depoeition 
(P-CVD).  Then,  the  oxide  films  were  partially 
etched  to  form  stripe  or  square  SOI  regions 
with  50  to  200  ym  in  dimension.  The  shape  of 
the  seed  region  was  either  a  continuous  stripe 
5  p  a  wide  or  a  perforation  seed  structure,  in 
which  rectangular  seed  patterns  are  separately 
arranged  along  a  line.  The  seed  regions  were 
aligned  to  <100>,  <130>,  or  <110>  axes  of  the 
substrate.  On  the  patterned  wafers,  Si  films 
0.6  u a  thick  were  vacuum  deposited  at  tempera¬ 
tures  around  500*C.  Finally,  the  samples  were 
capped  with  0.5  V m-thick  P-CVD  oxide  films  and 
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noun ted  on  a  carbon  holder  kept  at  500eC  using 
Pb-Bi  (80t20  vtX)  alloy. 

After  reorystalllzatlon,  the  cap  oxide  was 
etched  and  the  samples  were  dipped  In  Wright 
etchant  to  sake  the  sub-boundaries  In  the  Si 
filns  clear.  The  surface  norphology  of  the 
samples  was  observed  with  Nomarski  optical 
aicroscope.  The  samples  were  further  charac¬ 
terized  using  the  electron  channeling  contrast 
in  SEM  (scanning  electron  microscopy). 

3.  LATERALLY  SEEDED  EPITAXY 

In  the  experiment  of  laterally  seeded  epi¬ 
taxy  of  SOI  films,  the  pseudoline  beam  was 
mainly  scanned  along  a  seed  stripe,  while  the 
direction  of  the  seed  stripe  to  the  Si  sub¬ 
strate  and  the  oblique  angle  8  were  changed. 
Figure  2  shows  Homarski  optical  micrographs  of 
Wright  etched  SOI  films  which  were  recrystal- 
lised  by  a  pseudoline  beam  with  a  velocity  of 
10cm/ s  [51.  In  this  figure,  comparison  of  (a) 
and  (b)  gives  a  variation  of  the  sub-boundary- 
free  area  with  the  oblique  angle  8  in  the 
samples  having  seed  stripes  along  the  <11 0> 
direction,  while  comparison  among  (b),  (c),  and 
(d)  gives  a  variation  with  the  seed  direction 
at  a  fixed  oblique  angle  of  45®. 


FIGURE  1 

Schematic  diagram  of  an  e-beam  annealing  system 


We  can  see  from  these  figures  that  a  late¬ 
rally  grown  area  with  no  sub- boundary  is  larger 
in  the  right-hand  side  of  each  SOI  stripe  than 
that  in  the  left-hand  side,  since  the  lateral 
growth  toward  the  left-hand  side  is  enhanced 
due  to  the  movement  of  the  oblique  S-L  (solid- 
liquid)  interface.  We  can  also  see  from  com¬ 
parison  of  (a)  and  (b)  that  the  sub- boundary- 
free  growth  length  Lsf  from  the  right-hand  side 
is  increased  with  the  oblique  angle  6,  and  from 
(b),  (c),  and  (d)  that  the  Lgf.  is  increased  in 
the  sequence  of  the  <11CO,  <130>,  and  <100> 
directions  of  the  seed  stripes.  In  the  center 
stripe  in  Fig.2(d),  the  sub-boundary-free  area 
covers  the  whole  SOI  region  forming  a  grain 
boundary  parallel  to  the  seed  stripe  near  the 
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FIGURE  2 


Noaarski  optical  micrographs  of  Wright  etched 
sample.  The  seed  direction  and  oblique  angle 
are  shown  in  the  right-hand  side  in  each  figure. 
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left-hand  edge,  although  microtwins  along  the 
<11 0>  axis  exist  in  the  right-hand  region. 

The  relation  between  the  oblique  angle  6  and 
the  sub-boundary-free  growth  length  for  the 
three  saaples  with  different  seed  directions 
is  summarized  in  Fig.3  [5].  We  can  confirm  from 
this  figure  that  the  lateral  growth  length  is 
enhanced  either  by  increasing  the  oblique  angle 
9  or  by  rotating  the  seed  direction  from  <110> 
to  <100>  axes.  It  was  also  found  that  LSf  was 
increased  with  increase  of  the  beam  power. 

Next,  properties  of  sub-boundaries  are  char¬ 
acterized.  As  can  be  seen  from  Figs.2(a)  and 
(b),  in  the  samples  with  <110>  seed  stripes  the 
direction  of  sub-boundaries  is  roughly  fixed  at 
45°  from  the  seed  stripes,  even  if  the  oblique 
angle  9  is  changed  from  15  to  45“ •  The  direc¬ 
tion  of  sub-boundaries  hardly  changed  in  any 
samples  with  the  <110>  seed  stripe.  On  the 
other  hand,  we  can  see  from  Figs.2(b),  (c),  and 
(d)  that  the  direction  of  sub- boundaries  is 
changed  by  the  crystal  orientation  of  the  seed 
stripes,  even  if  9  is  kept  constant.  From  these 
and  other  experimental  results,  we  speculated 
that  the  direction  of  sub-boundaries  is  roughly 
aligned  to  the  <100>  direction  of  the  Si  sub¬ 
strate,  because  of  the  folded  (111)  facets 


formed  at  the  solidification  front  [10]. 

In  order  to  confirm  the  above  speculation, 
SOI  islands  of  100  urn  square  which  were  sur¬ 
rounded  by  5  v m-wide  seed  stripes  were  recrys¬ 
tallized  by  a  nonoblique  pseudoline  e-beam. 

That  ia,  a  pseudoline  beam  was  set  parallel  to 
an  edge  of  the  square  pattern  and  it  was 
scanned  to  the  normal  direction  of  the  line. 

Figure  4  shows  electron  channeling  contrast 
micrographs  in  the  upper  region  of  SOI  islands 
which  were  recrystallized  by  scanning  a  pseudo¬ 
line  beam  upwards  [5].  The  top  portion  in  the 
micrograph  is  the  seed  stripe  and  because  of 
its  heat  sink  effect  the  edge  region  of  the  SOI 
island  was  solidified  downwards.  He  can  say 
that  the  lateral  growth  length  from  the  top 
seed  stripe  is  not  so  long  as  to  form  (111) 
facets,  while  the  growth  length  from  the  bottom 
seed  stripe  (about  100  pm)  is  long  enough  to 
form  (111)  facets  at  the  S-L  interface.  Thus, 
the  shape  of  the  grain  boundary  which  is  formed 
by  collision  of  the  two  solidification  fronts 


(a)  <110>  <«mo> 


(b)  <100> 
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FIGURE  3 


FIGURE  U 


Variation  of  the  sub-boundary-free  growth 
length  lat  with  the  oblique  angle  e  for  three 
seed  directions. 


Electron  channeling  contrast  micrographs  of 
Wright  etched  samples  recrystallized  by  a  non- 
obliquely  scanned  e-beam,  and  schematic  draw¬ 
ings  of  the  S-L  interface  during  solidification. 
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is  considered  to  reflect  the  shape  of  the  (111) 
facets  at  the  S-L  Interface  which  goes  upwards. 

We  can  see  from  this  figure  that  the  grain 
boundary  is  flat  when  the  beam  is  scanned  along 
the  <110>  direction,  while  it  exhibits  a  round 
saw-tooth  shape  when  it  is  scanned  along  <100>. 
These  shapes  are  consistent  with  the  shapes  of 
(111)  facets  in  respective  seed  directions  as 
shown  in  the  left-hand  side.  We  conclude  fron 
this  experioent  that  folded  (111)  facets  are 
generated  at  the  S-L  interface  when  the  bean  is 
scanned  along  the  <100>  direction,  and  sub¬ 
boundaries  are  generated  at  the  interior 
corners  of  the  folded  (111)  facets. 

4.  PERFORATION  SEED  STRUCTURE 

It  has  been  reported  that  voids  or  holes  are 
often  generated  in  SOI  films  which  are  recrys¬ 
tallized  by  line  or  pseudoline  e-beans  when  the 
beam  crosses  seed  stripes  where  the  Si  film  is 
directly  in  contact  with  the  Si  substrate (1 ,8]. 
Under  certain  conditions,  the  voids  are  as 
large  as  several  hundred  microns,  and  they 


i  i  i 

Lfl  Ls 

FIGURE  5 

Schematic  diagram  of  perforation  seed  structure 


often  produce  new  defects  such  as  grain  bound¬ 
aries  in  the  film.  Thus,  it  is  impossible  to 
fabricate  integrated  circuits  in  these  films, 
unless  the  void  generation  is  suppressed. 

We  studied  the  generation  conditions  of  such 
voids  using  a  pseudoline  electron  beam  and 
speculated  that  the  voids  are  generated  by  Si 
or  SiO  gas  which  is  vaporized  by  abrupt,  local 
temperature  change  and  contained  between  the 
capping  and  underlying  SiOg  films,  where  SiO 
gas  is  known  to  be  brought  by  dissolution  of 
oxide  films.  Based  on  this  speculation,  we 
proposed  a  perforation  seed  structure  [6],  in 
which  rectangular  seed  regions  are  separately 
arranged  along  a  line,  so  that  the  heat  sink 
effect  is  not  so  different  between  the  seed  and 
SOI  regions  and  voids  are  not  generated. 

The  size  of  seed  regions  ranged  from  5  to  20 
lim  in  width  (WB)  and  5  to  100  urn  in  length  (Ls) 
as  shown  in  Fig.5.  The  seed  regions  were 
aligned  along  a  line  with  a  constant  gap  length 
Lg  between  the  adjacent  seed  regions.  Lg  was 
changed  from  3  to  1 5  u  m  in  different  samples. 

Figures  6(a)  and  (b)  show  the  electron  chan¬ 
neling  contrast  micrographs  of  recrystallized 
SOI  films  with  a  conventional  seed  stripe  and 
with  a  perforation  seed  structure,  respectively 
[6).  The  sizes  of  the  structure  are  Lg=W8=5  u  m 
and  La>t10|im.  A  pseudoline  e-beam  was  scanned 


FIGURE  6  Electron  channeling  contrast  patterns  for  SOI  samples  with 

(a)  conventional  and  (b)  perforation  seed  structures 
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perpendicular  to  the  seed  line  from  bottom  to 
top  of  the  figures.  We  can  see  from  Fig.6(a) 
that  two  large  voids  as  well  as  a  small  one  are 
generated  in  the  upper  SOI  region  near  the  seed 
stripe.  On  the  contrary,  in  the  case  of  the 
perforation  seed  structure  in  Fig.6(b),  no  void 
is  generated  in  the  SOI  film.  We  can  also  see 
that  though  the  seed  regions  are  separately  ar¬ 
ranged,  their  beat  sink  effect  is  strong  enough 
to  stop  propagation  of  the  randomly  nucleated 
Si  grains  across  the  seed  line.  Thus,  the 
crystalline  quality  of  the  upper  SOI  film  is 
kept  excellent  up  to  about  30  um  from  the  seed 
line  by  laterally  seeded  epitaxial  growth. 
However,  the  channeling  contrast  pattern  shows 
that  fluctuation  of  the  crystal  orientations 
which  reflects  the  seed  structure  occurs  beyond 
that  region. 

The  size  of  the  perforation  seed  structure 
was  optimized  from  several  experiments.  It  was 
found  that  a  shorter  Lg  gives  a  better  result 
from  a  viewpoint  of  the  crystalline  quality  of 
the  SOI  film,  however  the  minimum  value  for  W  = 
5  um  Is  about  3  urn.  Concerning  the  seed  length 
Lgt  a  longer  value  was  found  to  be  more  effec¬ 
tive  for  controling  the  crystal  orientations  of 
the  SOI  film.  Thus,  the  optimum  value  of  Lg  is 
considered  to  be  30  to  30 pm.  These  values  will 


be  somewhat  modified  if  the  seed  width  Wg  is 
changed.  For  example,  if  Wg  is  narrower  than 
3  u  m,  the  heat  sink  effect  of  the  seed  line 
becomes  weaker  and  we  will  be  able  to  choose 
the  shorter  Lg  and  the  longer  Lg  without  void 
generation.  The  seed  regions  with  W0=1  pm  are 
expected  to  be  still  effective  for  stopping 
propagation  of  randomly  nucleated  Si  grains. 

5.  LARGE  AREA  RECRISTALLIZATION 

We  can  conclude  from  the  previous  discus¬ 
sions  that,  in  order  to  recrystallize  a  large 
SOI  area  in  a  single  crystal,  it  is  necessary 
to  suppress  the  void  generation  as  well  as  to 
suppress  the  (111)  facet  formation  at  the 
S-L  interface.  The  former  problem  was  found 
to  be  solved  by  use  of  the  perforation  seed 
structure.  Concerning  the  facet  formation,  it 
was  found  that  the  (111)  facets  are  likely  to 
be  suppressed  when  the  S-L  Interface  is  aligned 
to  the  <11 0>  direction  and  the  beam  is  scanned 
along  the  <110>  direction,  as  shown  in  Fig.4(a). 
Thus,  the  perforation  seed  structure  was  formed 
along  the  <110>  direction  and  in  some  samples 
<11 0>  seed  stripes  were  also  formed  in  order  to 
stop  the  penetration  of  grain  boundaries  from 
the  beam  edge  region. 

Furthermore,  in  order  to  keep  the  S-L 


<no> 

(a)  |  (b) 

Sinusoidal  Triangular  i-  Sinusoidal 

1  4 

Electron  channeling  contrast  patterns  for  SOI  samples 
recrystallized  by  (a)  conventional  and  improved  methods 


FIGURE  7 


Interface  at  the  trailing  edge  of  the  beaa  as 
straight  as  possible,  a  pseudoline  e-beaa  was 
synthesised  by  scanning  a  spot  beaa  with  a 
combined  wave  fora  of  triangular  and  sinusoidal 
waves.  This  aethod  was  conceived  froa  a  fact 
that  the  aolten  zone  shape  becoaes  convex  at 
the  trailing  edge  when  a  spot  bean  is  scanned 
with  a  triangular  wave,  while  it  becoaes  con¬ 
cave  when  the  beaa  is  scanned  sinusoidally. 

The  optiaua  aaplitude  ratio  of  the  triangular 
and  sinusoidal  waves  was  deterained  to  be  1  to 
4  froa  the  recrystallization  experiaent. 

Figure  7  shows  a  comparison  of  the  electron 
channeling  contrast  patterns  for  100  W  a  square 
SOI  regions  recrystallized  by  conventional  and 
iaproved  methods.  That  is,  in  the  saaple  shown 
in  Fig.7(b),  the  perforation  seed  structure  and 
the  scanning  using  a  coabined  waveform  were 
eaployed,  instead  of  the  seed  structure  of  a 
continuous  stripe  and  the  sinusoidal  scanning 
in  Fig.7(a).  It  is  clear  froa  the  figures  that 
no  void  is  generated  in  the  SOI  region  in  Fig. 7 
(b),  though  generation  of  voids  and  crystalline 
defects  is  pronounced  in  Fig.7(a).  The  unifora 
contrast  pattern  in  (b)  also  shows  that  the 
crystal  orientation  is  well  controlled  except  a 
saall  region  of  the  upper  left  corner. 

6.  SUMMARY 

He  investigated  the  generation  aechanisas  of 
sub-boundaries  and  voids  in  the  peeudoline 
electron  beaa  recrystallisation  to  propose  a 
novel  recrystallisation  aethod  and  a  saaple 
structure.  Main  results  obtained  are  as  follows. 

1)  In  laterally  seeded  epitaxy  of  an  SOI  region 
froa  a  seed  stripe,  the  sub- boundary-free 
area  is  enhance  either  by  increasing  the 
oblique  angle  8  of  the  pseudoline  bean,  or 
by  rotat. -g  the  seed  directions  froa  <1 10> 
to  <100>  axes  of  the  substrate. 

2)  Folded  (111)  facets  are  generated  at  the  S-L 
Interface  when  the  pseudoline  a-beaa  is 
scanned  along  the  <100>  direction,  and  sub¬ 
boundaries  are  generated  at  the  interior 
corners  of  the  folded  facets. 


3)  A  perforation  seed  structure  in  which  rec¬ 
tangular  seed  regions  are  separately  placed 
along  a  line  is  effective  for  stopping  pro¬ 
pagation  of  randomly  nucleated  Si  grains  as 
well  as  suppressing  the  void  generation. 

4)  An  SOI  region  of  100  pm  square  was  recrys¬ 
tallized  in  a  single  crystal  after  optimiza¬ 
tion  of  the  seed  structure,  the  scanning 
direction,  and  the  scanning  waveform. 
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Different  conditions  of  zone  Melting  recrystallization  using  both  laser  and 
a  Mercury  arc  laap  are  studied.  N-channel  HOSFET's  vere  fabricated  in  these 
Materials  to  coapare  their  qualities  and  to  evaluate  their  device-vorthiness 
Subgrainboundary- free  silicon  filas  are  obtained  resulting  in  devices  vith 
high  surface  nobility  and  lov  leakage  currents. 


1.  MATERIAL  PREPARATION 

100  mm  (100)  oriented  CZ  silicon  wafers  vere 
prepared  for  recrystallization  experiaents. 
Seeding  areas  parallel  to  the  [110]  direction 
with  0.5  pa  thick  oxide  islands  vere  defined  by 
a  LOCOS  technique. 

For  the  laser  recrystallization  a  0.5  un 
LPCVD  polycrystalline  silicon  filn  vas  de¬ 
posited.  Four  different  capping  layers  vere 
used  in  the  experiaents  s  6  ni  or  55  m  silicon 
nitride,  35nn  oxynitride,  and  a  periodic  struc¬ 
ture  of  55  na  thick  and  7  mm  vide  (anti-reflec- 
tive)  silicon  nitride  stripes  vith  10  nn 
silicon  nitride  in  between.  The  spacing  betveen 
the  stripes  was  18  mm.  The  55  na  silicon 
nitride  filns  were  annealed  for  30  Min  in  N^  at 
1100  *C 

For  the  laap  recrystallization  a  5  mm  thick 
LPCVD  poly-silicon  was  deposited.  A  3  mm  PECVD 
silicon  dioxide  layer  was  used  as  the  capping 
layer . 


2.  RECRYSTALLIZATION  CONDITIONS 

A  CV  Argon  ion  laser  was  used  for  the  laser 
recrystallization.  The  scanning  of  the  circular 
laser  spot  vas  perforned  with  galvanometer 
driven  Mirrors.  A  unidirectional  scan  Method 
together  with  a  large  overlap  between  succes¬ 
sive  scan  lines  was  applied  resulting  in  a 
semi -continuous  crystal  growth  [1]. 

For  each  one  of  the  used  coablnatlons,  optimal 
scanning  parameters  were  deternined  experimen¬ 
tally  (Table  I). 

The  laap  recrystallization  [1]  was  done  with 
a  capillary  Mercury  laap  which  in  these  experi- 
nents  operates  at  an  electrical  power  of  around 
350  V/ca.  The  conplete  topheater  unit  was 
scanned  at  0.4  mm/s  along  the  <110>  direction 
over  a  wafer  preheated  to  about  1275  *C. 

3.  QUALITY  OF  THE  RECRYSTALLIZED  SILICON 

3.1.  Laser  recryatallisation 

For  the  laser  recrystallized  Material  Mass 
transport  occurs  at  the  seeding  edges  of  the 
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TABLE  I 


LASER  RECRYSTALLIZATION  CONDITIONS  AND  SURFACE  MOBILITIES 


CAP 

LAYER 

LASER 

POWER 

[V] 

SCAN 

VELOCITY 

[cm/s] 

VERTICAL 

STEP 

[pm] 

SURFACE 

MOBILITY 

[c»r/Vs] 

6nm  SijN^ 

17 

10 

15 

390 

55nm  Si^N^ 

5.5 

10 

17 

300 

Stripes 

12.5 

50 

5 

550 

35nn  SIN  0 
x  y 

7 

10 

15 

390 

2 

Laser  spot  size  is  100pm  (1/e  intensity  points) 
Wafer  preheating  temperature  is  350°C 


oxide  islands.  The  amount  is  found  to  depend  on 
the  type  of  capping  layer.  For  the  thin  6  nm 
nitride  cap  layer  considerable  mass  transport 
is  observed,  eventually  resulting  in  voids  at 
the  "entry"  corner  of  the  oxide  islands, 
whereas  with  the  thick  55  nm  nitride  and  the 
35  nm  oxynitride  capping  layer  the  effects  are 
much  less  pronounced.  It  can  be  concluded  that 
mass  transport  decreases  if  a  more  rigid 
capping  layer  is  used  and  that  it  can  be 
effectively  reduced  by  using  a  stripe  struc¬ 
ture. 

For  the  continuous  capping  layers,  a  (Sub)- 
GrainBoundary  (SGB)  structure  is  formed  with 
grains  parallel  to  each  other  and  to  the  <100> 
direction,  for  a  scan  direction  parallel  to  the 
[110]  direction  (figure  1).  The  distance 
betveen  these  SGB's  varies  between  1  to  10  um, 
depending  on  the  type  of  capping  layer.  For  the 
periodical  striped  capping  structure  SGB  free 
crystals  are  obtained  extending  a  few  100  um 
from  the  seeding  edge  (figure  2). 


3.2.  Lamp  recrystallization 
Due  to  the  combination  of  a  relatively  large 
amount  of  seeding  area  and  a  relatively  thin 
burrled  oxide  the  power  vindow  for  the  top- 
heater  was  very  small.  This  resulted  in  some 
material  transport. 


FIGURE  1 

Photomicrograph  of  laser  recrystallized 
material  vith  continuous  55  nm  nitride  capping 
layer  shoving  typical  gralnboundary  structure. 
The  silicon  film  vas  Secco  etched.  Distance 
between  the  gralnboundaries  is  of  the  order  of 
1  um.  Gralnboundary-free  seeded  distance  is 
about  10  um.  The  length  of  the  marker  is  50  um. 
Scanning  vas  from  right  to  left  and  from  bottom 
to  top. 
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FIGURE  2 

Photomicrograph  of  laser  recrystallized 
material  vith  anti-reflective  stripes.  Long 
(sub)grainboundary-free  crystals  are  obtained. 
The  length  of  the  marker  is  25  pm.  Grain  grovth 
is  from  bottom  (seed  area)  to  top. 

The  major  defect  structure  for  the  obtained 
silicon  layers  are  (111)  stacking  faults. 

The  residual  doping  level  of  the  obtained 
films  ranges  from  6*10*^  to  10*^  at. /cm"* 

4.  DEVICE  FABRICATION 

Devices  vere  processed  in  the  recrystal¬ 
lized  wafers,  as  veil  as  in  reference  bulk- 
vafers  using  a  5  pm  NMOS  process,  modified  for 
thin  SOI  films. 

The  major  characteristics  of  this  process  are: 
LOCOS-isolation,  a  60  nm  gate-oxide,  Vt-adjust 
Implant,  B-implantatlons  to  suppress  back- 
interface-  and  channel  edge-leakage  and 
As-P  graded  junctions.  Finally  dopants  vere 
activated  by  short  time  annealing. 


5.  ELECTRICAL  CHARACTERIZATION 

The  electrical  evaluation  vas  performed  on 
conventional  and  on  five-terminal  MOS-transis- 
tors. 

5.1.  Laser  recrystallization 

The  threshold  voltage  of  the  front  transis¬ 
tors  is  adjusted  to  about  1.3  V  by  the  boron  Vt 
implant.  The  surface  mobility  of  both  front- 
and  back-transistors  as  a  function  of  the 
different  materials  is  listed  in  Table  I.  High 

front-channel  mobilities  in  the  order  of  550 
2 

cm  /Vs  are  obtained  in  the  material  vith 
anti-reflective  nitride  stripes.  Those  values 
are  comparable  to  the  ones  obtained  in  bulk 
silicon.  The  wafers  that  received  a  6  nm 
nitride  or  a  35  nm  oxynitride  capping  show 
somevhat  lover  mobilities  and  larger  spreads 
whereas  the  worst  values  are  obtained  on  the 
55  nm  nitride  capped  vafers.  Those  results 
correlate  vith  the  occurrence  of  SGB's. 

Figure  3  shows  the  Ids-Vgsl  (front  gate  vol¬ 
tage)  characteristic  for  a  device  processed  in 
material  vith  a  striped  capping  structure.  The 
diode  leakage  currents  are  less  than  1  pA/(pm 
gate  vidth)  at  a  reverse  bias  of  -10V. 
Interface  state  densities  are  around 
7*10*0  /cm^eV  and  6*10**  /cm^eV  for  the  front 
and  back  interface  respectively,  as  measured  by 
charge  pumping.  Figure  3  also  shovs  the  in¬ 
fluence  of  the  back-gate  voltage  (Vgs2)  on  Vtl 
vhich  Indicates  that  the  device  operates  partly 
in  the  thin-film  regime.  As  a  consequence,  by 
applying  an  adequate  Vgs2,  the  kink  effect  can 
be  suppressed. 
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6.  CONCLUSIONS 


FIGURE  3 

Log(Ids)-Vgsl  curves  vith  Vgs2  as  a  parameter 
of  a  flve-teralnal  thin  filn  SOI  HOSFBT  in 
laser  recrystallized  Material  vith  anti- 
reflective  stripes.  Device  dimensions  are 
V/L»24  pa/12  mb.  Back  gate  voltage  (Vgs2) 
varies  from  9  V  (upper  curve)  to  -10  V  vith 
-1  V  steps.  Vds  is  100  mV,  and  the  file  contact 
is  grounded. 


5.2.  Lamp  recrystallization 
Surface  roughness  due  to  the  applied  poly¬ 
silicon  deposition  technique  is  too  high  and 
results  in  poor  gate  oxide  perforaance.  Also 
local  PBCVD  oxide  cap  failures  resulted  in 

pits.  Nevertheless  surface  aobilities  of  around 
2 

500cm  /Vs  are  neasured.  Reverse  biased  (-10V) 
diodes  of  24  mb  by  18  mm  result  in  a  leakage 
current  belov  the  detection  threshold  of 


Four  different  seeded  Material  structures 
recrystallized  by  Means  of  laser  vere  eva¬ 
luated.  High  surface  nobility  (550  cm2/Vs)  and 
lov  leakage  currents  are  Measured  in  Material 
vith  an  anti-reflective  periodical  capping 
layer,  in  vhich  grainboundary-free  Material  vas 
obtained. 

Lanp  recrystallized  thick  fila  Material 
shovs  conparable  electrical  results. 
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1.  INTRODUCTION 

One  area  of  the  microelectronic a  industry 
which  haa  attracted  conaiderable  research 
intereat  for  a  number  of  yeara  ia  the  concept 
of  vertically  stacking  several  planaa  of  active 
devices  for  Three-Deinensional  Integrated  Cir¬ 
cuits.  While  a  nuaber  of  aeans  of  achieving 
this  have  been  suggested,  the  most  common 
approach  ia  to  uae  stacked  layers  of  energy  beam 
recrystallised  silicon,  separated  from  each 
other  and  the  bulk  material  by  silicon  dioxide. 
While  an  initial  impression  would  suggest  that 
the  major  benefits  of  such  an  approach  would  lie 
in  packing  denaity  and  speed  performance  it  has 
been  shown  that  the  gains  obtained  in  the  con¬ 
text  of  a  VLSI  requirement  are  less  than  could 
be  expected  [  1 ]  when  the  extra  complexity  in¬ 
volved  in  producing  the  devicea  is  considered 
(2,3j. 

However,  the  stacked  SOI  approach  does  offer 
significant  advantagaa  for  the  realisation  of 
integrated,  mixed  technology  syatema,  where 
separate  layers  of  transistors  can  be  individ¬ 
ually  optisdaed  and  separated  by  a  high  quality 
isolating  oxide.  It  it  clear  that  saver al 
varietiea  of  radically  different  devices  could 
be  used  on  different  levels  of  a  3D-S0I  system, 
without  seriously  compromising  the  fabrication 
sequence  of  any  of  them.  The  layers,  in  prin¬ 
ciple,  can  be  built  up  sequentially  with  only 
the  thermal  load  of  subsequent  processing  steps 
effecting  previous  stages. 


Two  alternative  configurationa  of  such  an 
approach,  fully  a tacked  and  mezzanine  struc¬ 
tures,  are  shown  in  Figure  1.  The  layered  na¬ 
ture  is  clearly  shown,  with  the  vertically 
stacked  etructure  being  seen  as  a  desirable 
longer  term  goal  toward  which  the  mezzanine 
approach  uaad  here  is  a  logical  stepping  stone. 

In  addition,  a  polysilicon  shield  or  ground 
plane  level  could  also  be  integrated  within  the 
vertically  stacked  structure  and  ia  included  as  - 
a  diffused  region  in  the  bulk  silicon  layer  for 
the  mezzanine  approach,  thus  providing  improved 
DC  and  transient  isolation  for  the  control  logic 
array.  For  the  vertically  stacked  approach  this 
ground  plane  haa  the  added  benefit  of  being  a 
useful  heat  sink  during  top  layer  recrystall¬ 
isation  and  a  means  of  achieving  greater 
planarisation. 

2.  Intelligent  Fower/Interface  IC 

In  evaluating  this  concept  and  its  realisa¬ 
tion,  Intelligent  Power/Interface  applications 
were  defined  as  being  particularly  suited  to 
the  3D-S0I  structure.  Specifically,  the  high 
quality  dielectric  isolation  offered  by  the 
inter-layer  oxide  offers  great  potential  in 
this  application,  in  addition  to  the  capabil¬ 
ity  of  building  optimized  bulk  silicon  power 
devices  and  high  performance  latch-up  free  CMOS 
SOI  circuits. 

In  order  to  provide  the  greatest  design 
flexibility  in  a  demonstration  of  a  3D-S0I 
intelligent  power  structure,  gate  array 
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implementations  were  adopted  for  both  bulk  power 
devices  and  the  SOI  control  logic.  Tha  tech¬ 
nologies  chosen  for  tbit  work  are  a  50V  lateral 
DMOS  bulk  technology  together  with  a  3un  CMOS 
SOI  process.  These  two  processes  are  being  cosr- 
blned  to  fabricate  a  snail  test-bed  3D-S0I  gate 
array,  suitable  tor  seai-custon  interfacing  and 
nediun  current/voltage  (1A/50V)  driving  appli¬ 
cations.  Packaging  constraints  currently  linit 
total  power  dissipation  in  a  full  sited  version 
of  this  array  to  the  5  watt  level. 

A  3um  SOI  CMOS  process  vas  developed,  in 
e-bean  recrystallised  naterial,  the  character¬ 
istics  of  which  are  shown  in  Figure  2  {  8] . 

This  is  typical  of  SOI  CMOS  processes  describ¬ 
ed  elsewhere  [9],  and  consequently  oust  atten¬ 
tion  is  given  to  the  nore  novel  LDMOS  tech¬ 
nology  in  this  paper. 

3.  Mezxanine  IC  Design  and  Processing 
Recrystallisation  techniques  which  are 
particularly  suited  to  the  3D-S0I  approach  are 
laser  [4]  and  electron  beam  [S,6]  zone-melting- 
recrystallisation  (ZMR)  f2J,  because  of  their 
localised,  rapid  heating  of  the  silicon.  In 
their  simplest  form  these  techniques  produce 
large  grain  polysilicon  with  randomly  oriented 
crystallites  and  grain  boundaries,  leading  to 
a  large  scatter  in  the  characteristics  of  MOS 
devices  fabricated  in  the  siaterial.  In  this  work 
both  techniques  are  being  used,  with  a  'seeded' 
approach  adopted  to  provide  bulk  quality  sili¬ 
con  in  the  SOI  layer.  The  scad  structure  used 
in  the  test-bed  design  has  a  43un  pitch;  how¬ 
ever,  some  encouraging  progress  is  being  made 
at  both  the  laser  and  e-beam  sites  within  this 
project  in  extending  this  distance  to  60-80um. 

An  improvement  in  this  will  clearly  lead  to 
greater  packing  densities  and  larger  scope  in 
the  geometry  and  breakdown  voltage  of  the  power 
devices  employed.  Experiments  have  shown  that 
200V  DMOS  devices  could  be  fabricated  with  a 
seed  window  spacing  of  60um.  Selective  Epi¬ 
taxial  Growth  (SEC)  ( 1 ]  is  used  to  planarise 
the  seed  structure  and  to  reduce  the  mass  tran¬ 
sport  that  is  currently  observed  as  a  feature 


of  the  ZMR  approach. 

Tha  CMOS  SOI  portion  of  the  array  is  designed 
so  that  the  gate  modules  and  routing  channels 
are  located  entirely  between  seed  windows;  this 
makes  reasonably  efficient  use  of  the  highly 
regular  structure  dictated  by  the  seeding 
requirements.  The  design  of  these  modules  is 
more  or  less  traditional;  an  example  of  a  cell 
is  shown  in  Figure  3.  It  includes  a  device  of 
each  type  (F  and  N) ,  as  well  as  two  through 
cell  routing  vies.  Both  metal  and  contact 
levels  will  be  programmable  and  a  single  level 
metal  scheme  is  used.  In  this  example  the 
ultimate  packing  density  has  been  compromised 
somewhat  to  accomodate  the  project  requirement 
of  both  laser  and  e-beam  ZMR. 

A  major  consideration  in  the  case  of  the 
bulk  technology  is  that  the  devices  must  fit 
completely  between  seed  windows  to  avoid  the 
melting  into  the  bulk  material  that  occurs 
during  the  ZMR  step.  This  constraint  on  the 
size  of  the  devices  requires  that  a  medium 
voltage  [ 50-70V ]  DMOS  technology  be  employed. 
This  has  been  designed  by  modifying  the  tradi¬ 
tional  circular  geometry  of  the  LDMOS  transis¬ 
tor  to  provide  a  device  of  the  requisite 
dimensions.  These  transistors  have  been  pro¬ 
duced.  in  an  n-vell  CMOS  process  which  was 
modified  to  produce  the  necessary  Vt  and  break¬ 
down  voltage  characteristics. 

Experiments  have  been  performed  on  the  LDMOS 
devices  to  sstablish  the  effects  of  the  re¬ 
crystallisation  step  and  subsequent  SOI  pro¬ 
cessing  on  the  device  characteristics. 

Initial  results  indicate  that,  provided  the 
ZMR  step  is  constrained  to  provide  good  qual¬ 
ity  seeded  material  without  melting  the  bulk 
silicon  under  the  isolating  oxide  (i.e.  is 
within  the  power  window],  no  detrisiental  effects 
are  observed  on  bulk  device  performance  [ see 
table  1].  However,  if  the  power  window  is  ex¬ 
ceeded  some  melting  of  the  gate  poly-silicon 
can  ba  observed.  Figure  4  shows  a  polysilicon 
track  which  exhibits  mass  transport  effects  due 
to  high  power  ZMR  processing. 


304 


4.  Conclusions 

A  50-70V  bulk  LDMDS  process  compatible  with 
slectron  bean  and  lassr  ZMR  for  3D-S0I  app¬ 
lication  has  baan  developed.  Xt  haa  bean 
aatabliahad  that  the  davicea  produced  do  not 
degrade  significantly  in  performance  if  care  ia 
taken  to  stay  within  the  thermal  budget  and 
optimised  ZMR  cycles  are  used.  This  LDMOS  tech¬ 
nology  ia  cotribined  with  a  3  micron  SOI-CMOS 
technology  in  a  meszanine  configuration,  thus 
incorporating  the  merits  of  a  3D  approach  in  a 
mixed  technology  system.  The  design  and  pro¬ 
cessing  of  this  demonstration  structure  has  been 
constrained  to  be  similar  to  that  expected  to 
be  used  in  a  fully  stacked  device.  In  this  way 
some  of  the  technological  challenges  of  the  fully 
stacked  structure  have  been  dealt  with  in  this 
work. 


[9]  G.  P.  Hopper  at  al.  Electronics  Letters, 
Vol.  20,  too  12,  pp  500,  1984. 


Ca> 


ACKNOWLEDGEMENTS 

This  work  is  partially  funded  by  the  ESPRIT 
245  programme  and  we  would  like  to  thank  our 
colleagues  in  Thomson  LCR,  CEA-LETI ,  CNET,  GEC- 
Hirst  Research  Centre,  and  Cambridge  University 
for  providing  the  samples  and  collaboration 
which  enabled  this  work  to  be  performed. 


REFERENCES 

[1]  M.  Montier  Esprit  '86'  Results  and  Achieve** 
manta,  pp  197-205. 

[2]  S.  L. 'Partridge,  XEDM  '86,  pp  428-430. 

[3]  e.g.  papers  in  Proc.  Symp.  on  Laser  and 

Electron  Beam  Processing  of  Electronic  FIGURE  1 

Materials,  eds.  C.  L.  Anderson,  G.  K.  Cellar, 

G.  A.  Rosgonyi,  vol.  80-1,  Electrochem.  Soc.  (a)  The  mezzanine  structure  and  (b)  The 

stacked  structure. 

[4]  J.  R.  Davis,  R.  A.  McMahon,  H.  Ahmad  J. 

Electrochem  Soc.  132,  pp  1919-1985. 

[5]  A.  J.  Auberton-Herve ,  J.  P.  Joly  et  al 
ESSDERC  1984. 


[  6]  M.  Haond,  D.  Dutratre,  D.  Bensahel  MRS 
Europe  1985. 

[  7]  W.  A.  Lane  et  al  IEE  colloquim  on  Intell¬ 
igent  Power  Devices,  March  1987. 

[  8]  L.  Hobbs,  1987,  MEngSc.  Thesis,  University 
College  Cork  (not  published). 


305 


Channel 

Metal  Interconnect 
tracks 


ISHIlet! 


FIGURE  2 

Characteristics  of  3um  channel  length  SMOS  end 
PMOS  transistors  fabricated  in  e-baan  recrys- 
talliaed  polysilicon. 
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FIGURE  3 
SOI  CMOS  Gate  Array  layout. 
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FIGURE  A 

Polysilicon  track  showing  nass  transport  affects. 


TABLE  1 

DMOS  characteristics  before  and  after  ZMR  step 
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A  one-dimensional  device  simulator  is  developed  for  nonuniformly  doped  'SOI 
MOSFET's  which  allows  to  calculate  accurately  and  reliably  their  electrical 
characteristics  in  the  linear  region.  NMOS  and  PMOS  transistors  have  been 
successfully  optimized  in  relation  to  the  process  implantation  parameters. 
Comparison  with  experimental  results  is  presented. 


1.  INTRODUCTION 

There  is  some  difficulty  in  optimizing  SOI 
transistors  performances  with  classical  simulation 
tools.  This  stems  from  the  fact  that  conventional 
numerical  device  simulators  are  not  adapted  to  the 
SOI-related  characteristics  of  such  devices 
technological  (nonuniform  doping  level,  fixed 
oxide  charges  and  interface  states  densities)  and 
geometrical  (film  finite  thickness,  buried  oxide 
thickness)  parameters,  presence  of  a  fourth 
terminal  (back  gate  contact). 

We  developed  a  simulator,  coupled  to  process 
simulator  SUPREM  [1],  which  takes  all  these  data 
into  account.  It  is  based  on  the  one-dimensionai 
solution  of  Poisson  equation  in  the  linear  region. 
Further,  the  problem  of  equilibrium  (flatband 
voltages)  has  been  carefully  treated  in  order  to 
determine  the  built-in  voltage  caused  by  a  varying 
doping  level  [2]  that  we  adapt  to  a  SOI  structure.  The 
computer  code  allows  the  current  to  be  reliably 
calculated  from  the  weak  inversion  criterium. 
Furthermore,  its  simplicity  makes  it  a  fast 
SOI-oriented  tool  for  the  development  of  successful 
device  technology. 

2.  DISCUSSION 

2.1.  n -channel  transistor 

In  SOI  technologies,  the  backside  S^/Si 
interface  is  generally  of  rather  poor  quality,  owing 


*  P.  Paelinck  is  financially  supported  by  I.R.S.I.A. 


to  the  high  fixed  oxide  charges  and  interface  states 
densities  [3].  In  NMOS  transistors,  this  results  in  the 
persistence  of  a  significant  leakage  current  [4]  in 
the  OFF  state.  This  difficulty  can  be  eliminated  by 
applying  a  negative  bias  at  the  back  gate  terminal. 
Therefore,  the  back  channel  inversion  is  always 
impeded,  provided  that  the  back  gate  bias  is 
appropriate.  However,  this  has  the  drawback  of 
requiring  an  additional  external  power  supply  and 
the  SOI  MOSFET  becomes  a  four  terminals  device.  An 
alternative  solution  consists  in  performing  a  deep 
boron  implantation  [S]  near  the  backside  interface 
in  addition  to  the  superficial  one  (Fig.  I). 


(*»*) 


IMPURITY  CONCENTRATION 
(CM-3) 


FIGURE  1 


Net  impurities  concentration  versus  depth 
Efront-fO  5ft‘2 

Eback“160  keV-  ®backm1-5  10,1  cm  2 
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la  this  case,  the  SOI  tnasistor  comprises  three 
teminalt  like  a  conventional  MOS  transistor,  since 
the  back  gate  terminal  is  left  floating.  The 
parameters  of  both  implantations  have  to  be 
carefully  selected.  Indeed,  it  is  well  known  that  the 
front  gate  threshold  voltage  V-pf  sharply  varies 
when  the  film  is  fully  depleted,  but  that  it  remains 
constant  when  the  backside  interface  is 
accumulated  [6].  That's  why  we  determined  the 
implantations  parameters  in  order  to  accumulate 
the  backside  interface.  Our  simulator  enables  us  to 
investigate  the  back  gate  threshold  voltage  V-j>  t 
and  eurrent  sensitivity  to  the  deep  boron 
implantation  dose,  while  still  achieving  the  correct 
V<pf.  Figure  2  depicts  the  variation  of  V<j-b  with 
boron  dose. 


FIGURE  2 

Back  gate  threshold  voltage  versus  deep  boron 
implantation  dose  (Vq^-O  V) 

Same  technological  parameters  as  in  Fig.  1 

As  it  may  be  expected.  VTb  increases  with  boron 
dose  and  becomes  positive  for  doses  over  9  101 1 
cm  *2.  However,  optimization  can  not  be  only  based 
on  threshold  voltage  control.  Although  VTb  is 
positive,  it  is  impossible  to  turn  off  the  back 
channel  leakage  current  for  doses  ranging  from  9 
to  13  101 1  cm*2.  This  is  represented  in  Fig.  3  where 
the  leakage  current  is  plotted  versus  boron  dose. 

Further,  the  energy  and  dose  of  the  superficial 
implantation  have  been  chosen  in  such  a  way  that 


the  doping  level  near  the  front  interface  should 
not  degrade  the  channel  carriers  mobility.  We  have 
also  checked  up  that  a  possible  lack  of  precisian  on 
the  film  thickness  was  of  little  consequence  on  the 
device  electrical  characteristics  (Fig.  4). 


FIGURE  3 

Back  channel  leakage  current  versus  deep  boron 
implantation  dose  (VGb=0  V). 

Same  technological  parameters  as  in  Fig.  1 


TSI  (A) 

FIGURE  4 

Front  gate  threshold  voltage  versus  film  thickness 
(V*-  V).  Same  technological  parameters  as  in 

A  comparison  between  simulsted  and 
experimental  curves  is  presented  in  Fig.  5.  Film 
thickness  is  4800  A  and  front  and  back  oxide 
charges  are  respectively  101 1  and  5  101 1  cm*2.  It  is 
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worth  to  note  that  the  subthreshold  current  is 
correctly  predicted  by  simulation*. 


Vgf  <V) 


FIGURE  5 

Experimental  ( _ )  and  simulated  ( . )  (Ij.Vqj-) 

curves  for  NMOS  transistor  (Vqj,=0  V) 

W/L=20/8  microns 

2.2.  p-channel  transistor 

The  optimization  of  PMOS  transistors  is  quite 
different.  The  natural  threshold  voltage  of  the 
undoped  active  layer  is  too  negative  and  the 
subsequent  phosphorous  implantation  for  substrate 
doping  and  threshold  voltage  adjustment  reduces  it 
still  further.  This  problem  can  be  circumvented  in 
two  ways  either  implant  only  boron  (fully 
depleted  PMOS  transistor)  or  counterdope  the 
n-type  substrate  with  a  superficial  boron 
implantation.  Firstly  we  present  the  results  we 
obtained  for  the  latter. 

Both  phosphorous  and  boron  implantations  give 
rise  to  a  shallow  junction.  Moreover,  SUPREM 
simulations  show  that  a  second  deeper  junction  may 
be  induced  above  the  backside  interface;  this  can 
be  explained  by  the  fact  that  the  film  is  initially 
intrinsic.  We  kept  constant  the  phosphorous 
implantation  parameters  and  studied  the  influence 
of  boron  implantation.  According  to  the  quantity  of 
implanted  boron  ions,  the  film  can  be  considered  as 
a  n,p-n,p-n-p  or  p-type  substrate.  The  simulations 
allow  to  determine  energies  and  doses  in  order  to 


minimize  junction  leakage  current  and  to  adjust  the 
buried-channel  threshold  voltage.  Nevertheless, 
threshold  voltage  strongly  depends  on  the 
implanted  boron  dose  and  Fig.  6  indicates  a  nearly 
linear  dependence  of  Vq>  with  the  dose. 


DOSE  MO12  CM-2) 

FIGURE  6 

Threshold  voltage  versus  boron  dose  for 
buried-channel  PMOS  transistor 

In  the  second  approach,  the  single  boron 
implantation  leads  to  a  fully  depleted  PMOS 
transistor.  The  basic  idea  is  that  electrons 
accumulate  at  the  backside  interface  when  the  back 
gate  threshold  voltage  is  negative,  and  the 
depletion  zone  extends  to  the  front  interface.  It  is 
thus  important  to  avoid  any  hole  conduction  in 
volume.  This  can  be  achieved  providing  that  V-pjj  is 
sufficiently  negative.  Therefore.  the  key 
parameters  are  the  impurities  concentration  near 
the  backside  Si/SiOj  interface,  the  buried  oxide 
thickness  and  the  fixed  buried  oxide  charge 

density.  The  influence  of  the  latter  appears  in  Fig.  7 
It  shows  that  the  lesser  quality  of  the  back 

interface  tends  to  stabilize  the  front  channel 

threshold  voltage.  This  is  due  to  the  fact  that  the 
buried  oxide  is  thick,  so  that  V-j-j,  is  negative  and 
allows  electrons  accumulation.  Moreover,  the 
depletion  zone  depth  is  limited  by  the  film  finite 
thickness.  Good  agreement  has  been  found  between 
simulation  and  experience  (Fig.  8). 
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3.  CONCLUSIONS 


FIGURE  7 

Threshold  voltage  versus  fixed  back  oxide  charge 
density  (Vqj,«0  V)  for  fully  depleted  PMOS  transistor 


FIGURE  8 

Experimental  ( _ )  and  simulated  ( . )  (1^, Vq^) 

curves  for  PMOS  transistor  (Vqj,»0  V) 

W/L-20/6  microns 


In  conclusion,  we  have  developed  a 
one-dimensional  numerical  device  simulator  for 
noo uniformly  doped  SOI  MOSFETi.  It  alao  includes 
geometrical  (film  and  buried  oxide  tbickneaaea)  and 
technological  (fixed  oxide  and  interface  states 
densities)  device  parameters.  Therefrom,  the 
influence  of  both  superficial  and  deep  boron 
implantations  parameters  on  the  electrical 
characteristics  of  NMOS  transistors  has  been 
clarified  in  order  to  get  tbe  correct  threshold 
voltage  and  suppress  the  back-gate-related 
parasitic  leakage  current.  Two  types  of  PMOS 
transistors  (buried-channel  and  fully  depleted) 
have  been  investigated  and  reliably  optimized. 
Their  sensitivity  to  implantation  parameters  has 
also  been  studied. 
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1.  INTRODUCTION 

N  channel  GaAs  MESFET's  directly  Implanted 
Into  semi -Insulating  substrates  exhibit  many 
low  frequency  current  drifts  wnlch  degrade  the 
perfomancea of  GaAs  digital  IC's  and  result  In 
comparator  hysteresis,  memory  cell 
unstabllltles,  or  abnormally  low  output  buffer 
levels. 

They  all  can  be  attributed  to  the  sane 
“drain  lag"  effet  (1,  2).  Though  It  Is  now  well 
established  that  this  effect  Is  mainly  caused 
by  the  low  frequency  response  of  the  Interface 
between  the  active  channel  and  the 
semi -insulating  substrate.  Its  exact  mechanism 
has  not  been  completely  clarified  yet.  Based  on 
extensive  measurements  either  in  the  time  or 
the  frequency  domain,  we  propose  a 
comprehensive  model  of  the  drain  lag  effect,  to 
be  included  in  CAD  models  for  GaAs  MESFET's. 

2.  BASICS  OF  DRAIN  LAG  EFFECT 

The  "drain  lag“  effect  Is  related  to  the 
excess  drain  current  of  a  MESFET  resulting  from 
a  fast  draln-to-source  voltage  transient.  It 
also  corresponds  to  the  variation  versus 
frequency  of  the  output  conductance  (g<j) .  As  a 
matter  of  fact,  tnis  effect  results  from  the 
combination  of  two  related  phenomena  :  a 
frequency  dependent  current  Injection  Into  the 
substrate  (3)  and  a  related  back  modulation  of 
the  cnannel  (4).  The  Injection  results  from  the 
distortion  of  the  electric  field  lines  in  the 
channel  due  to  the  formation  of  a  high  field 
domain  at  the  drain  side  and  from  the  lowered 


suDstrate  resistivity  under  these  high  field 
conditions  (figure  1).  As  electrons  are 
injected,  some  of  them  get  trapped  by  the  deep 
centers  located  In  the  substrate  near  the 
Interface  which  modifies  the  space-charge 
thickness  In  the  substrate  and  consequently  in 


SI  GaAs 


Figure  1 

the  channel.  This  results  In  frequency  depen¬ 
dent  electron  screening,  which  limits  the 
Injection  and  leads  to  a  back  modulation  of  the 
cnannel . 

As  a  conclusion,  our  physical  analysis  shows 
that  in  addition  to  being  frequency  dependent, 
the  drain  lag  effect  also  strongly  depends  on 
VqS  and  Vqs  which  fix  the  electric  field 
conditions  at  the  Interface. 

3.  CAD  MODEL  OF  DRAIN  LAG  EFFET 

Though  the  frequency  dependence  of  tne  drain 
to  source  impedance  is  complex,  it  can  be 
simply  fitted  with  one  single  pole  at  100  Hz 
(measured  data).  For  most  applications  only  DC 
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(bias  points)  and  hign  frequency  operation  have 
effectively  to  be  considered,  and  tne  single 
pole  approximation  can  then  be  used. 

We  propose  tne  equivalent  FET  node!  of 
figure  2,  associated  witn  tne  following  equa¬ 
tions  for  the  injection  current  Hnj  and  tne 
channel  current  ICh  : 

(Vdsi+(°*»-  1)  Vr)  Vqsi-(VqslUat 

Iinj  *  ( - )•  ( - ) 

•MlVgsl  -  Vt]  Vdsi+(Vdsi)sat 

for  Vdsi  >  (Vdsi)sat 

Iinj  *  0  for  Vdsi  <  (Vdsi) sat 

Icn  =  Go  f  (Vgs  -  0  VC)g  (Vds)sat 

K  CVysi  -  Vt3  cnaracterises  tne  injection 

resistance  wnicn  depends  on  tne  intrinsic  gate 

to  source  voltage  Vgsi •  (Vdsi)sat  is  tne 

intrinsic  drain  to  source  saturation  voltage, 

Vt  tne  tnresnold  voltage. 


Equivalent  CM)  model  of  the  NESFET 


Tne  coefficient  ot.  is  a  first  order  appro¬ 
ximation  of  tne  ratio  (cl,')  of  tne  nign 
frequency  gd  ( ^  10  MHz)  to  tne  low  frequency 
gd  (^  0.1  Hz).  Tne  small  difference  between 
and  Ok  '  is  due  botn  to  the  feedback  effect 
of  tne  Injected  current  tnrougn  tne  access 
resistances  and  to  the  back  modulation  factor 
8. 


Ideally,  ok  '  should  be  equal  to  1.  It  nas 
been  measured  at  Vds  *  1*5  V  for  various 

substrates  between  0.1  Hz  and  10  MHz.  As 
expected,  tne  module  of  Go  increases  witn 

frequency  while  its  phase  reaches  a  maximum  of 
approximati vely  10*  around  100  Hz.  Figure  3  is 
a  particular  example  snowing  that  tne  measured 
ratio  at'  is  around  3  for  Vgs  »1as  ranging  from 
0  V  up  to  .7  V.  This  agrees  well  witn  tne 

computed  data  foro(  =  3  and  8  -  0.01. 

Figure  4  snows  tne  computed  I-V  curves  at 
0.1  Hz  (OC),  100  Hz  (curve  tracer).  Tne 

hysteresis  loop  clearly  appears,  as  well  as  the 
frequency  dependent  available  Iqs  current. 


Figure  4 
I-V  curves 
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4.  SIMULATION  Of  DIGITAL  CIRCUITS 

Tite  effect  of  the  drain  lag  can  be 
Investigated  for  digital  circuit  design. 

Tne  Min  conclusions  are  : 

-  the  iiepact  reMins  low  for  a  basic  DCFL 
inverter  (figure  S)  as  long  as  tne  output 
voltage  Is  cl aiiped  to  .7  V  by  the  next 
Inverter  (low  field  conditions). 

-  when  tne  full  Vds  swing  is  needed  (output 
buffers,  CML  logic),  tne  high  output  logic 
level  first  switches,  then  lags  to  its  final 
value  (figure  5). 


-Vb. 


(Mb 


V"o(Uf> " 


%  (cT 


Figure  5  (d) 

1*  (»L)in  *  *T 

2.  (WL)ln  -  »T  +  100  mv 

3.  (VL>1n  -  VT  +  ■» 


The  transient  high  level  (VH/hf)  can  be 
estimated  analytically  wltn  a  simple  RC  model 
for  the  drain  lag  effect  (figure  6).  Under 
these  conditions,  7  Is  the  mean  voltage  stored 
on  tne  parasitic  capacitor  Cf.  Moreover  : 


Rfjygs-Vt}- 


1 

gddc  [vgs-vtl 


o(. 

9dnf  Jvgs-vt] 


This  leads  to  : 

Vdd  7  (o(  — 1) 

Vh(«f)  -  _  +  - 

1  +  0(  Ri/Rf  <*  +  Rf/Rl 


¥  Is  directly  related  to  the  duty  cycle.  A 
worst  case  for  a  low  to  high  transition  is  7  * 
0  (duty  cycled). 


Figure  5  (al,^b),Lc) 


Figure  6 

Simplified  R-C  model 


315 


REFERENCES 


A  lagging  percentage  ^  i  can  be  expressed  as  : 

1  +  R]/Rf  fvgs.vtl 

nli  -  l  - _ 

'  l  +  o({Ri/Rf  CVgs-vfl 
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MODELLING  AND  SIMULATION  OF  NAVE  PROPAGATION  EFFECTS  IN  fffiSFET  DEVICES 
BASED  ON  PHYSICAL  MODELS 


Giovanni  GHIONE,  Carlo  U.  NALDI, 

D1 part t Bento  dl  Elettronlca,  Pollteonlao  dl  Torino, 

Corso  Duoa  degll  Abruzzl  24,  10129  TORINO,  Italy 

Propagation  effects  along  the  electrodes  of  single-  and  multi-gate  KESFETs ’  are 
analyzed  by  means  of  new  model  which  dlreotly  exploits  two-dimensional 
small-signal  simulation.  The  electromagnetic  behaviour  la  characterized  through 
a  quasi -TEM  multiconductor  line  model,  and  preliminary  results  are  presented 
concerning  the  influence  of  gate  width  on  the  overall  devloe  performances. 


1  INTRODUCTION 

As  well  known,  propagation  along  the  elec¬ 
trodes  affects  the  small-signal  performances  of 
MESFET  devices  at  microwave  frequencies,  and 
plays  an  Important  role  in  further  deteriora¬ 
ting  their  gain.  An  accurate  analysis  of  such 
effects  is  therefore  essential  both  to  achieve 
better  small-signal  models  for  the  device  and 
to  gain  further  Insight  Into  propagation  pheno¬ 
mena  so  as  to  reduce  their  influence  by  means 
of  proper  design  rules.  Finally,  the  analysis 
of  propagation  is  relevant  to  understanding  the 
operation  of  travelling-wave  MESFET  amplifiers. 

The  simulation  of  propagation  effects  in 
MESFETs  was  addressed  during  past  years  through 
a  variety  of  approximate  techniques,  based  on 
modelling  the  device  as  a  transmission  line 
directed  along  the  gate  electrodes,  whose  para¬ 
meters  are  derived  partly  from  electromagnetic 
analysis  and  partly  from  small-signal  lumped 
MESFET  equivalent  circuits.  In  early  works  [2] 
single-gate  MESFET  were  considered  and  propa¬ 
gation  along  drain  and  source  fingers  was 
neglected;  moreover,  ohmic  losses  in  the  latter 
were  not  accounted  for.  These  simplifying 
assumptions  have  been  shown  [6]  to  lead  to  sub¬ 
stantial  errors  In  many  practical  oases. 
Later,  single-gate  MESFET  were  modelled  as  a 
three-conductor  transmission  line  [3],  and 
finally,  attempts  were  made  to  model  multi-gate 
MESFETs  [4],  More  reoently,  this  simple 
quasl-TEM  transmission  line  approach  to  the 


problem  was  questioned  and  a  full-wave  analysis 
by  means  of  mode  matching  techniques  was  propo¬ 
sed  which,  owing  to  Its  complexity  and  CPU  In¬ 
tensity,  Is  confined  to  considering  single  gate 
MESFETs  and  uses  a  rather  crude  model  for  the 
active  region  [5,6].  Nevertheless,  this  analy¬ 
sis  clearly  suggests  that  the  propagation  modes 
supported  by  MESFET  structures  are  quasi-TEM, 
and  that  ohmic  losses  both  within  the  active 
region  and  on  the  metallizations  cannot  be  neg¬ 
lected.  Hence,  a  lossy  transmission  line  equi¬ 
valent  circuit  should  yield  a  good  electromag¬ 
netic  model.  This  conclusion  is  confirmed  in 
[7],  where  it  is  shown  how  a  simple,  computa¬ 
tionally  unexpenslve,  quasl-TEM  model  is  In 
excellent  agreement  with  full-wave  analysis. 

In  spite  of  the  progress  achieved  in  under¬ 
standing  the  electromagnetic  behaviour  of 
microwave  MESFETs,  the  small-signal  model  of 
the  active  region  employed  in  distributed 
device  simulation  was  often  approximate.  The 
aim  of  the  present  paper  is  to  achieve  an 
accurate  and  flexible  characterization  of 
distributed  effects  in  MESFETs  by  coupling  a 
model  of  the  active  region  directly  derived 
from  small-signal  device  simulation  based  on 
physical  models  [1]  to  a  multloonductor  trans¬ 
mission-line  model  including  all  relevant 
electromagnetic  phenomena  (electrode  losses, 
effect  of  both  external  and  internal  capaoltlve 
and  inductive  coupling  between  electrodes, 
effect  of  substrate). 


2  THE  DISTRIBUTED  MESFET  MODEL 

In  order  to  define  the  problem,  let  us 
consider  a  two-gate  power  MESFET  with  source 
air-bridge  whose  cross-section  is  shown  in 
Fig.1.  Although  all  active  phenomena  are 
confined  to  the  dashed  (aotive)  regions,  the 
(passive)  rest  of  the  device  cannot  be  neglec¬ 
ted  in  modelling  microwave  small-signal  opera¬ 
tion.  In  fact,  source,  drain  and  gates  are 
both  capacltively  and  inductively  coupled  both 
through  the  substrate  and  the  air;  moreover, 
ohnic  losses  are  present  in  all  metallizations, 
and  particularly  in  gate  fingers,  and  an 
internal  distributed  inductance  (though  often 
negligible)  is  associated  to  each  electrode. 
In  order  to  define  the  elementary  cell  of  the 
four-conductor  transmission  line  equivalent  to 
a  MESFET  section,  we  must  introduce  the 
per-unit-lenght  (p.u.l.)  admittance  matrix  and 
impedance  matrix  of  the  line.  In  the  case  at 
hand,  such  matrices  read: 

(la)  Ijj  -  Ya11J  ♦  Ya2ij  ♦  J“(CUJ+C2ij) 

(lb)  Zjj  •  JwLjj  +  Rjj(ui) 

where  Yaklj  is  the  p.u.l.  admittance  matrix  of 
the  k-th  active  region  (here  k-1,2),  C,jj  is 
the  internal  capacitance  matrix  accounting  for 
coupling  within  the  substrate  outside  the 
active  regions,  while  C21j  is  the  external 
(air)  capacitance  matrix.  The  inductance 
matrix  Ly  can  be  approximately  evaluated  in 
terms  of  the  inverse  of  the  capacitance  matrix 
in  vacuo;  the  internal  Inductance  of  wires  can 
oe  included,  if  significant.  Finally,  Rjj  is 
the  resistance  matrix  of  the  electrodes.  The 
circuit  interpretation  of  (la)  and  (1b)  is 
shown  in  Fig. 2  .  In  regard  to  the  evaluation 
of  the  passive  contributions  to  Yjj  ,  well  known 
techniques  are  employed  to  compute  L^j  and  C^j, 
such  as  spectral-domain  Green's  function 
techniques  [9],  which  are  well  suited  when  the 
FET  is  planar.  Complex  geometries  with  non- 
planar  dielectric  layers  require  the  intro¬ 
duction  of  more  flexible  finite-element  (FEM) 


Fig.  1 


SOURCE 
GATE  1 
DRAIN 
GATE  2 


Fig.  2 


techniques  [10].  The  frequency  dependent  re¬ 
sistance  matrix  is  evaluated  as  in  [11]  accou¬ 
nting  for  non-uniform  current  density  distribu¬ 
tion  within  the  conductor  cross  section. 

Concerning  the  active  part  of  the  device, 
the  relevant  admittance  matrices  are  directly 
obtained  from  a  two-dimensional  MESFET  simula¬ 
tor  (MESS,  [8]).  The  steady-state  analysis  is 
performed  by  means  of  full  Newton  techniques, 
while  small-signal  characterization  is  obtained 
by  Fourier  transforming  the  time-domain  respon¬ 
se  of  the  linearized  Poisson  and  continuity  e- 
quatlon.  The  Scharfetter-Gummel  scheme  on  a 
triangular  grid  is  used  for  discretizing  the 
continuity  equation,  while  Poisson's  equation 
is  treated  by  FEM  with  charge  lumping.  Both 
planar  and  recessed-gate  devices,  with  arbitra¬ 
ry  doping  profile,  are  simulated. 

From  the  knowledge  of  the  p.u.l.  admittance 
and  impedance  matrix,  the  generalized  Kirchhoff 
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equations  for  the  line  voltage  v(z)  and  ourrent 
vectors  t(z)  read: 

(3a)  3v(z)/3z  -  -Zi(z) 

(3b)  31(z)/3z  -  -Yv(z) 

and  the  propagation  constants  of  the  lines  kj  - 
Bj-Joj  are  solution  to  the  eigenvalue  problea: 

(4)  [  k2I  -  ZY  ]  My  .  o 

where  I  Is  the  Identity  matrix,  My  the  voltage 
eigenvector  matrix.  Prom  My  and  the  correspon¬ 
ding  current  eigenvector  matrix  M^  the  charac¬ 
teristic  Impedance  matrix  of  the  line  can  be 
computed  and  the  scattering  matrix  of  a  multi- 
conductor  line  of  finite  length  la  derived  by 
means  of  standard  techniques  (cfr.  [12]). 


3  RESULTS 

Propagation  modes  In  multlconduotor  MESFET 
structures  oan  be  roughly  divided  Into  three 
classes:  gate,  drain  and  bulk  modes  [6].  Bulk 
modes  are  mleroatrlp-llke  modes  with  low  losses 
and  almost  constant  phase  veloolty;  the  all 
lines  are  driven  at  the  same  potential  and 
there  Is  no  gain  mechanism.  Drain  modes  are 
basically  hlgh-loss  modes  whose  voltage  distri¬ 
bution  is  odd  with  respect  to  gate  and  source 
lines.  Finally,  gate  modes  show  very  high 
losses  with  unbalanced  voltage  distribution  and 
bullt-ln  gain  mechanism.  The  analysis  confirms 
the  remarks  made  In  [6]  according  to  which 
MESFET  fingers  do  not  actually  support  growing 
waves  as  In  devices  with  bulk  gain.  Actually, 
even  in  the  limiting  case  wherein  gate  and 
drain  fingers  are  lossless  and  coupled  only  by 
the  transconductance ,  the  current  profile  on 
the  drain  electrode  would  not  be  exponential, 
but  only  linear.  This  Is  basically  due  to  the 
fact  that  the  gain  mechanism  of  MESFETs  acts  by 
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shunt  Injection  of  current,  i.e.  Is  perpen¬ 
dicular  to  the  propagation  direction.  Another 
point  which  deserves  attention  is  the  influence 
of  ohmic  losses  on  gate  modes.  Owing  to  the 
reduced  cross-section  of  gate,  this  electrode 
has  very  high  p.u.l.  resistance  (up  to  several 
KQ/m),  unless  special  structures  are  exploited 
(e.g.  gate  air-bridge  FETs).  As  an  example, 
the  phase  velocity,  attenuation  and  complex 
characteristic  impedance  are  shown  in  Figs. 
3a-d  for  a  1  pm  single-gate  MESFET;  the  other 
geometrical  parameters  are  shown  in  Fig. 3b. 

In  order  to  highlight  the  Impact  of 
distributed  effects  on  small-signal  parameter 
evaluation,  let  us  consider  the  frequency 
behaviour  of  the  admittance  matrix  of  the  same 
device  of  Fig. 3b  when  the  overall  gate 
periphery  W  is  kept  constant  and  equal  to  300 
pm,  while  the  number  of  gate  fingers  N,  and 
therefore  the  length  of  each  finger  w,  is 
changed.  In  Flgg.s  4a,  4b  the  Y  parameters  for 
frequencies  ranging  from  0  to  28  GHz  and  for 
several  values  of  N.  Parasitic  effects  due  to 
propagation  are  more  dramatic  beyond  10  GHz, 
but  their  magnitude  is  not  negligible  even  at 
lower  frequencies. 

4  CONCLUSIONS 

A  quasi-TEH  analysis  of  propagation  effects 
in  MESFET  devloes  has  been  presented,  which 
directly  exploits  two-dimensional  small-signal 


analysis  of  the  active  region.  Preliminary 
results  on  propagation  characteristics  are 
presented,  and  an  example  of  how  propagation 
effects  can  affect  the  small-signal  device 
parameters  is  given. 
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ACCURATE  NONLINEAR  CHARACTERIZATION  AND  MODELING  OF  THE  GaAs  FET 
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Contrary  to  previous  conventional  characterizations  and  model! sat ions,  which  employ 
the  dc  measurements  of  the  drain  current  Ids(Vgs,  Vds),  we  propose  a  new  mode  of 
nonlinear  characterization  of  the  GaAs  FET.  This  is  based  on  the  knowledge  of  the 
voltage  dependence  of  the  transconductance  gm  and  the  output  conductance  gd  values 
measured  in  the  microwave  frequency  range.  This  new  mode  of  characterization  is  thus 
more  accurate  and  precise  than  conventional  ones,  because  the  latter  are  tainted  with 
errors  due  to  thermal  and  trap  effects,  which  are  parasitic  with  respect  to  the 
microwave  behaviour  of  the  FET.  Thus,  a  numerical  integration  of  the  measured 
microwave  parameters  gives  us  the  accurate  quasi-static  characteristics.  On  the  other 
hand,  we  present  an  accurate  model  which  takes  into  account  the  device  nonlineari¬ 
ties. 

Finally  our  method  has  been  used  to  model  a  medium  power  amplifier,  in  X-band 
operating. 

I.  INTRODUCTION  obtaining  the  microwave  characteristics  ; 

Conception  and  optimization  of  microwave  -  The  knowledge  of  the  analytical  function 

circuits,  using  the  GaAs  FET,  require  an  Ids  (Vgs,  Vds)  does  not  necessarily  imply  the- 

accurate  characterization  of  the  device,  espe-  validity  of  the  first  partial  derivates  of  the 

cially  in  large  signal  and  microwave  operating.  drain  current  which  are  the  dynamic  parameters 

Moreover,  it  would  be  very  interesting  to  be  gm  and  gd  ; 

able  to  modelize  it  in  the  simplest  way  in  -  These  are  indeed  the  fundamental  parame- 

order  to  reduce  the  computational  time  for  use  ters  we  have  to  measure  accurately  (specially 

with  conception  and  optimization  of  both  devi-  gm),  because  the  microwave  behaviour  of  the  FET 

ces  and  microwave  circuits  (CAO).  is  strongly  dependent  on  their  microwave  va- 

Many  models  have  already  been  suggested  :  lues,  and  on  their  voltage  evolutions,  cherac- 

a)  Physical  models  using  the  basic  equations  teristic  of  the  intrinsic  nonlinearities. 

of  the  FET  are  certainly  the  most  accurate  and  We  propose  to  show  that  it  i3  possible  to 

have  been  very  useful  to  understand  the  device  obtain  the  quasi-static  characteristics,  avai- 

operation.  But  the  point  is  they  are  not  easily  lable  in  microwave,  from  the  RF  measurements  of 

suitable  for  CAO  applications.  the  transconductance  gm  over  a  large  range  of 

b)  Phenomenological  models  consisting  in  bias  voltages. 

describing  as  perfectly  as  possible  the  dc  On  the  other  hand,  we  suggest  quite  simple 

measured  evolution  of  the  drain  current  Ids  as  phenomenological  expressions  able  to  describe 

an  analytical  function  of  the  gate-source  Vgs  the  evolution  of  gm,  and  then  of  the  drain 

and  drain-source  Vds  bias  voltages  [1],  current  as  functions  of  the  bias  voltages  Vgs 

According  to  us,  the  latter  mode  of  charac-  and  Vds. 

terization  is  however  not  satisfactory  enough  Finally,  we  present  a  theoretical  modeling 

and  this  for  several  main  reasons  :  using  those  expressions,  that  we  will  valid  by 

-  dc  measurements  are  often  imprecise  ;  means  of  the  study  of  a  medium  power  amplifier, 

-  Thermal  and  trap  effects  keep  us  from  in  X-band  operating. 
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U.  ACCURATE  NONLINEAR  CHARACTERIZATION 

A.  Principle 

By  using  the  microwave  measurements  of  the 
first  partial  derivate  of  the  drain  current 
with  respect  to  the  gate-source  voltage,  we 
wean  gm,  we  can  deduce  the  quaai-static  charac¬ 
teristics  by  a  numerical  integration  : 

i 

Ids(Vgsi)|vd8  =  k|1  ga(Vgak)  AVgek 

With  Vg81  =  Pinch-off  voltage. 

Remark  that  we  decided  to  use  the  gm  measu¬ 
rements  rather  than  gd  ones  because  we  consider 
that  gn  is  the  most  important  parameter,  with 
regard  to  microwave  behaviour  and  nonlinear 
properties  of  the  device. 

furthermore,  by  a  numerical  derivation,  we  may 
infer  from  those  characteristics  the  output 
conductance 

gd(Vgs,  Vds)  =  3Ids/3Vds 

and  compare  it  with  the  experimental  results  in 
order  to  valid  the  method  self-consistence. 

B.  Experimental  set-up 

In  practice,  the  measurement  of  the  intrin¬ 
sic  transconductance  gm  is  accurately  made  at 
moderately  high  frequency  range  (2-4  GHz)  by 
using  a  microwave  network  analyser  (HP  8510). 
After  aubstraction  of  access  elements,  de¬ 
termined  from  measurements  at  Vds  =0,  we 
deduce  the  intrinsic  elements  of  the  FET 
equivalent  circuit  [2].  That  method,  which  is 
very  fast  and  doesn't  need  long  computational 
time,  is  very  suitable  for  the  determination  of 
the  parameters  gm  and  gd  over  a  wide  range  of 
bias  voltages,  corresponding  to  the  usual 
operating  of  the  device.  We  so  determined  the 
parameter  gm  and  gd  values  every  other  0,1  v 
for  Vgs  and  every  other  0,2  v  for  Vds  to  be 
able  to  get  an  accurate  integration. 

C.  Results 

For  example,  we  show  Fig.  1,  the  quasi- 
static  characteristics  obtained  from  experimen¬ 
tal  evolutions  of  gn  (Fig.  2)  for  a  commercial 
submicrometer  FET  NE  673  (gate  length  ia  Lg  a 
0,3  pm). 
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Fiq.  1  :  Output  characteristics  Ids(Vqs,Vds)  for 
the  NE  673. 

★  —  df-dc  measured 

quasi-static  deduced  from 
experimental  measurements. 

6  theoretical  given  by  our  model 

The  comparison  of  those  characteristics  with 
the  dc  measurement  results  (Fig.  1)  exhibits 
important  differences  between  the  general  shapes 
of  the  curves  specially  for  high  drain  currents, 
all  that  tends  to  prove  the  non  accuracy  of  dc 
measurements. 


Fig,  2  s  Bias  dependence  of  gm. 

measured 

—  —  —  —  computed  (expression  (1)  with 
Ctsl .18  ;  Vo  =  0.5  ;  Vp  s  -0.65  ;  8=0.46 
b  s  0.37. 
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III.  HOPE LING  OT  THE  FET 

A.  Equivalent  circuit 

According  to  the  simplified  large  signal 
model  shown  Fig.  3,  we  consider  that  the 
intrinsic  parameters,  determined  from  small 
signal  measurements  become  nonlinear  if  we 
consider  their  evolutions  over  a  wide  range  of 
bias  voltages  [3]. 


S 


Fig.  3  :  Model  of  the  FET  used  in  simulation. 

B.  Nonlinear  analytical  representation 
We  propose  a  new  nonlinear  approach  based  on 
an  original  analytical  representation  of  the 
nonlinear  voltage  dependence  of  the  parameter 
gm.  Thus,  the  measured  evolution  of  the  trans- 
conductance  gm  versus  Vgs  and  Vds  given  fig.  2, 
leads  us  to  employ  the  phenomenological  expres¬ 
sion  ! 

gm( Vgs , Vds ) =gmo( Vds ) .  th[a( Vgs+Vo )/Vp  lth( Vds/Vs ) 

(1) 

By  mathematical  integration,  we  may  obtain  a 
new  phenomenological  expression  of  the  quasi¬ 
static  characteristics  Ids(Vgs,  Vds). 

Indeed  : 

fVgs 

Ids(Vgs,  Vds)  =  J_Vp  gm(Vg's,  Vds)  dVg's  (2) 

=  {Iso.Ln[ch(a  V9?tVQ) j+gdo. Vds).th(^S.)  (3) 

Vp  Vs 

with  Iso  =  gmo(Vd8).Vp/a 

Where  the  drain-source  saturation  voltage  Vs 
is  described  by  a  linear  dependence  with  the 
bias  voltage  Vgs  :  Vs  =  a.Vgs+b. 

Moreover,  gdo  corresponds  to  the  FET  output 
conductance  in  saturation  mode,  gdo  is  looked 
upon  as  independent  from  the  bias  voltage  Vgs, 


for  it  exhibits  very  small  variations  as  it  can 
be  seen  from  experimental  measurements  (Fig. 
A). 

This  model  also  requires  four  parameters  : 
a,  gmo,  s  and  b,  that  are  optimized  to  provide 
the  best  average  fit  of  the  theoretical  to  the 
measured  evolutions  of  gm. 

Furthermore,  we  consider  two  other  nonlinea¬ 
rities  : 

-  NL1  :  Voltage  dependence  of  the  gate- 
source  capacitor  classically  described  by  : 

Cgs  =  Co.(1  -  Vgs/t)-^ 

-  NL2  :  Direct  current  of  the  schottky  gate 
junction  into  source  or  drain  circuit. 

C.  Validity 

Experimental  and  theoretical  voltage  evolu¬ 
tions  of  gm  for  a  commercial  submicrometer  FET 
are  firstly  compared  Fig.  2.  Secondly,  we  also 
compared  Fig.  1  the  corresponding  evolutions  of 
the  drain  current.  In  those  two  cases,  we  can 
notice  a  good  agreement  between  experimental 
results  and  values  given  by  the  phenomenologi¬ 
cal  expressions  hereby  proposed  (1)  (3),  which 
can  be  considered  as  valid. 

Finally,  the  consistence  of  our  method  is 
proved  Fig.  A,  by  comparison  between  gd  measu¬ 
red  and  computed  evolutions. 


Fig,  4  s  Bias  dependence  of  the  output  conduc¬ 
tance  gd. 

■  '  -  measured  - calculated. 
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D.  Calculation 

The  numerical  treatment  of  this  Model  con¬ 
sists  [4],  at  each  tiae,  in  describing  the 
instantaneous  value  of  the  gate-source  voltage. 
Further,  by  using  the  Model  proposed,  with 
those  nonlinear  representations,  we  determine 
the  instantaneous  values  of  both  the  drain- 
source  voltage  and  the  drain  current..  For  this, 
we  take  into  account  the  drain  circuit  termina¬ 
tion.  Finally,  a  Fourier  expansion  gives  the 
power  values  of  the  frequency  conponents. 

IV.  VALIDATION 

Our  new  phenomenological  expressions  propo¬ 
sed  and  our  model  have  been  validated  in  the 
case  of  the  study  of  a  GaAs  FCT  used  as  a 
microwave  medium  power  amplifier  in  X-band. 
Indeed,  good  agreement  between  theoretical  and 
experimental  results  is  obtained  (Fig.  5)  and 
small  signal  gain  as  well  as  saturation  power 
are  successfully  simulated. 


Fig.  5  :  Output  versus  input  power  at  IQ.  GHz. 
(transistor  NE  673). 

— — -  Measured 
-  —  ——Computed 


V.  CONCLUSION 

Contrary  to  conventional  Model i2at ions, 
which  are  based  on  dc  Measurements,  we  suggest 
an  accurate  characterization  valuable  for  both 
nonlinear  dependence  and  Microwave  behaviour  of 
the  GaAs  FET.  Our  model,  which  will  enable  the 
description  of  the  microwave  behaviour  of  the 
FET  used  in  great  signal  condition,  has  been 
confirmed  by  comparison  between  theoretical 
prediction  and  experimental  results  for  a  com¬ 
mercial  submicrometer  FET. 

Our  model  efficiency  results  from  the  use  of 
new  and  simple  analytical  description  of  the 
characteristics,  directly  issued  from  the  pre¬ 
cise  RF  measurements.  The  self  consistence  of 
our  method,  as  well  as  the  good  agreement 
observed  between  measurement  and  prediction  make 
us  fell  that  it  could  profitably  be  used  for  CAO 
applications. 
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The  technological  advances  in  active  microwave  and  mm-wave  semiconductors  like  GaAs- 
MESFETs  and  HEMTs  e.g.  planar  and  recessed  gate  structures  will  result  in  the  near  future  in 
components  with  cutoff  frequencies  of  several  hundred  GHz.  For  modelling  of  these  elements  it  is 
mandatory  to  take  distributed  elements  and  active  and  passive  coupling  into  account.  To  realize  this, 
a  three-dimensional  model  has  been  developed,  which  involves  distributed  elements,  coupling  and 
wave  propagation.  The  results  show  the  typical  effects  of  a  slow  and  a  fast  wave  propagation  in  lossy 
media  with  open-ended  lines. 


1.  INTRODUCTION 

Modelling  of  semiconductor  devices  has  gained 
much  interest  in  the  last  years,  as  it  is  shown  by  nu¬ 
merous  publications.  The  modelling  results  are  giv¬ 
en  in  the  form  of  S-parameters  fairly  accurately  for 
CAD  of  microwave  and  mm-wave  circuits.  The  stan¬ 
dard  models  for  GaAs  MESFETs  are  based  on  a  six 
element  equivalent  circuit.  The  inner  transistor  two- 
port  is  surrounded  by  parasitic  elements  of  the  chip, 
the  case  and  so  on,  which  in  turn  form  two-ports.[1] 
Models  based  on  this  equivalent  circuit,  or  similar 
circuits,  are  restricted  to  frequencies  for  which 
lumped  element  equivalents  are  valid,  not  more 
than  18  GHz  to  20  GHz.  At  higher  frequencies  the 
model  must  be  able  to  simulate  a  distributed  struc¬ 
ture.  Several  attempts  were  made  in  the  past.  So 
Ziel  and  Era  [2]  represented  the  planar  FET  by  an 
active,  inhomogeneous,  lossy  and  capacitively 
loaded  line.  However,  series  resistance  and  field 
dependent  mobility  were  ignored.  Ladbrook  [3]  de¬ 
scribes  the  channel  as  a  quasi-TEM  microstrip  line 
with  attenuation  a*0.  Kurvds  [4]  demonstrates  in  his 
model  for  an  unilateral  transistor  the  influence  of  the 
gate  losses.  The  influence  of  the  mutual  coupling  of 
the  gate,  drain  and  source  electrodes  was  first  re¬ 
garded  by  Ren  and  Hartnagel  [5]. 

2.  FET  Model  with  Distributed  Elements  and 

wave  Propagation 

In  this  paper  all  elements  and  effects  of  a  FET 


Figure  i 

Equivalent  circuit  for  a  lossy,  distributed  gate,  drain 
source  structure  of  length  Az 

with  distributed  representation  are  considered  as 
shown  in  a  section  of  length  Az  in  figure  1.  The 
model  includes  series  losses,  inductive  and  capaci¬ 
tive  mutual  coupling  between  gate,  drain  and  source 
as  well  as  field  dependent  mobility.The  transistor 
equivalent  elements  are  represented  by  the  [Y]-ma- 
trix  The  solution  of  the  problem  is  described  in  the 
following  steps: 

Set  up  of  the  four  differential  equations  for  cur¬ 
rents  and  voltages  from  the  equivalent  circuit  of 
figure  1  with  mutually  coupled  electrodes. 
Derivation  of  the  wave  equations  for  the  quasi 
stationary  solutions  of  lip  and  U^. 


Figure  2 

Schematic  model  of  a  transistor  chip  with  distributed  elements 


Decoupling  of  the  above  wave  equations  leads 
to  ordinary,  homogeneous  differential  equa¬ 
tions  of  the  fourth  order  with  complex  coeffi¬ 
cients. 

The  solution  of  the  eigenvalue  leads  to  the  char¬ 
acteristic  equations,  from  which  the  complex  propa¬ 
gation  constants  and  y^*,  for  the  two  waves  are 

derived.  The  corresponding  linear  combinations  re¬ 
sult  in  the  general  solution  of  the  problem  for 

and  iWz).  from  which  in  turn  the  currents  may  be 
derived.  With  voltages  and  currents  can  be  comput¬ 
ed  the  characteristic  impedances  of  the  resulting 
four-port  and  the  four-port  impedance  matrix . 

To  apply  this  general  solutions  to  a  standard 
GaAs  MESFET  with  two  gate  pads  (e.g.  NE  04500) 
and  a  symmetrica)  connection,  tour  open-ended 
gate  Rnes  have  to  be  connected  in  parallel.  Each  of 
them  to  actively  and  passively  coupled  with  drain 
and  source  as  demonstrated  In  figure  2. 


3.  RESULTS 

Several  types  of  GaAs  MESFETs  where  used  for 
verification  of  the  above  described  model.  The  mod¬ 
el  contains  the  basic  equivalent  circuit  elements  for 
the  inner  transistor  and  the  surrounding  structure  in 
the  [Y}-matrix.  These  equivalent  circuit  elements  are 
determined  by  the  measurement  of  the  bonded  chip 
S-parameters  in  the  frequency  range  of  1  GHz  to  18 
GHz  and  a  fitting  routine  with  an  evolution  optimiza¬ 
tion.  The  model  for  this  fitting  routine  is  a  small  sig¬ 
nal  representation  for  the  bonded  transistor  with  a 
maximum  of  23  equivalent  elements.  As  far  as  ap¬ 
plicable  the  equivalent  elements  are  used  in  the  [Y]- 
matrix.  The  results  of  the  following  diagrams  were 
derived  for  a  NE  04500.  They  all  rely  on  measured 
S-parameters  up  to  18  GHz.  To  illustrate  how  active 
and  passive  coupling  of  the  lossy  gate,  drain  and 
source  lines  with  finite  length  influences  the  tran- 
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sistor,  measured  S-para  meters  are  extrapolated  up  major  Influence  can  be  recognized  for  input  and 

to  40  GHz  with  two  models:  output  reflection  coefficients.  As  expected  the  dis- 

first  the  small  signal  equivalent  circuit  model  is  tributed  theory  results  in  a  higher  frequency  depen- 

used  for  parameter  fitting  with  concentrated  el-  dence.  Due  to  the  coupling  the  isolation  gets  worse, 

ements.  Viewed  overall  it  can  be  argued  that  above  30  GHz 

second  this  theory  with  distributed  elements  for  this  type  of  FET  a  distributed  model  has  to  be 

and  mutual  active  and  passive  coupling  be-  used. 

tween  gate,  drain  and  source.  On  the  same  basic  as  mentioned  before,  the  dis- 

The  inner  transistor  model  does  not  differ  signifi-  tributed  model  is  used  to  calculate  the  frequency 

cantly  in  both  theories.  Figure  3  shows  the  results.  A  dependence  of  the  propagation  constants  ylMt  and 
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Figure  3 

Comparison  of  modelled  and  measured  S-parameters 

-  measured  1  - 18  GHz 

ooo  concentrated  elements  for  modelling  1  •  40  GHz 

xxx  this  theory  with  distributed  elements 
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Finally  the  normalized  gate  and  drain  voltages 
are  computed  tor  frequencies  up  to  200  QHz.  The 
same  equivalent  circuit  elements  are  used  as  be¬ 
fore,  but  the  gate  width  (Wg)  is  set  from  200  pm  to 


Figure  4 

Normalized  gate  and  drain  voltage  versus  frequency 
and  gate  position 


800  pm  (WQu  ■  1/4  WQ  -  200  pm).  The  results  are 
shown  in  figure  4.  Significant  effects  can  be  recog¬ 
nized  at  around  150  QHz,  far  beyond  the  use  of 
these  transistors  today.  There  the  gate  voltage  is 
dropping,  while  the  drain  voltage  increases,  a 
typical  resonant  effect. 

4.  Conclusion 

The  comparison  of  several  models  for  GaAs 
MESFETs,  HEMTs  and  similar  structures  has 
shown,  that  their  validity  to  higher  frequencies  may 
be  limited.  This  is  true  above  20  GHz  to  30  GHz, 
when  mutual  coupling  and  the  distributed  character 
of  the  gate-,  drain-  and  source  structure  is  neglect¬ 
ed.  At  far  higher  frequencies  resonance  may  appear 
in  the  channel.  Further  studies  should  involve  the 
inhomogeneous  structures  and  higher  order  propa¬ 
gation  modes. 
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The  implementation  of  intrinsic  gettering  in  integrated  circuit 
processing  is  discussed  in  view  of  new  insights  in  the  parameters 
influencing  precipitate  formation  in  silicon  and  in  the  dependence 
of  the  yield  stress  on  point  defect  concentrations. 


1 .  INTRODUCTION 

During  integrated  circuit  processing 
metallic  contamination  is  inevitably 
introduced  onto  the  silicon  surface  and 
in  the  near  surface  layer.  Most  of  these 
unwanted  impurities  are  fast  diffusers 
but  have  a  solubility  that  decreases 
rapidly  with  the  temperature  leading  to 
the  formation  of  a  large  number  of  small 
precipitates  during  cooling  after  high 
temperature  indiffusion.  The  presence  of 
these  precipitates,  which  are  very 
efficient  lifetime  killers,  has  a 
detrimental  influence  on  the  electrical 
performance  of  the  integrated  circuits. 
Several  techniques  have  been  developed 
to  getter  these  metallic  impurities  in 
areas  where  their  presence  h's  no 
influence  on  the  operation  of  the 
devices.  An  extensive  review  on  the 
interaction  of  extrinsic  and  intrinsic 
point  defects  and  on  their  influence  on 
dislocation  phenomena  in  silicon  can  be 
found  in  reference  [1]  .  He  will  limit 
ourselves  here  to  a  brief  discussion  of 
the  problems  related  to  the 
implementation  of  intrinsic  gettering  in 
complete  device  processing. 

2.  TBX  OKTTXRINO  MX CHAN I 8M 

Recently  Ourmazd  [2]  showed  that  moat 


gettering  techniques  although  at  first 
sight  of  completely  different  nature, 
can  be  understood  by  assuming  the  same 
gettering  mechanism  consisting  of  two 
basic  steps.  During  the  first  step  a 
concentration  pulse  of  silicon  self¬ 
interstitials  is  created  which  causes  a 
dissolution  of  the  metallic  precipitates 
present  in  the  active  areas.  These 
mobilized  metal  atoms  then  diffuse 
rapidly  towards  an  intentionally 
introduced  strained  area  where  they 
reprecipitate  mostly  in  the  form  of  some 
type  of  silicide  phase.  Based  on  this 
idea  a  more  quantitative  description  of 
gettering  was  recently  developed  by  the 
present  authors  [3]  .  This  novel  approach 
uses  and  extends  a  general  expression 
for  the  critical  radius  for 
coprecipitation  of  silicon  and  one  type 
of  extrinsic  point  defect  (e.g. 
interstitial  oxygen)  [4]  to  include  also 
the  coprecipitation  of  two  (or  more) 
types  of  extrinsic  point  defects  (e.g. 
oxygen  and  carbon)  with  silicon.  For 
spherical  precipitates  P  in  a  matrix  M, 

formed  by  the  coprecipitation  in  a 
compound  My (Px) sl <P2) . . • <P„> of  n 
"precipitants"  Pi  (i  -  1, ...,n)  present 
in  a  concentration  CPi,  this  leads  to  the 

following  general  expression  for  the 
critical  radius  rc 
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with  <T  the  interface  energy  per  unit 
area,  fip  the  volume  per  precipitate 
molecule,  y  and  f)  the  number  of  self¬ 
interstitials  and  vacancies  absorbed 
from  the  matrix  per  precipitating 
molecule,  (1  the  shear  modulus,  8  the 
linear  misfit,  e the  "constrained 
strain",  and  E  *>  (1  -  e)~3. 

By  considering  the  sign  of  the  volume 
change  Ail  -  tip  -  ytl*,  for  the  different 
possible  precipitate  phases(  one  can 
predict  which  phase  will  dissolve  by  an 
intrinsic  point  defect  pulse.  The 
character  of  the  intentionally  strained 
area,  i.e.  tensile  or  compressive 
stresses,  then  determines  the  phase  in 
which  the  mobilized  contaminants  will 
reprecipitate.  This  strained  getter 
region  can  be  located  at  the  surface 
(frontside  gettering) ,  in  the  bulk 
silicon  (intrinsic  gettering)  or  at  the 
back  of  the  wafer  (backside  gettering) . 


3 .  INTRINSIC  GETTERING 

Intrinsic  gettering  is  based  on  the 
simultaneous  generation  of  a  self¬ 
interstitial  pulse  and  of  a  highly 
defective  and  strained  layer  in  the  bulk 
of  the  silicon  wafer  typically  some  20 
|im  below  the  surface,  by  a  controlled 

precipitation  of  interstitial  oxygen. 
For  this  purpose  high  oxygen  content 
wafers  are  used,  also  with  the  hope  of 
keeping  some  of  the  superior  mechanical 
strength  of  this  material  during 
processing.  The  defect  free  surface 
layer  (the  denuded  zone)  is  created  by  a 


high  temperature  oxygen  outdiffusion 
step  to  create  an  oxygen  lean  layer 
where  during  the  subsequent  lower 
temperature  steps  no  oxygen 
precipitation  and  thus  no  bulk  defect 
generation  will  occur.  Mostly  this  high 
temperature  oxygen  outdiffusion  step  is 
followed  by  a  low  temperature 
precipitate  nucleation  step  which  will 
determine  the  oxygen  precipitation 
kinetics  and  thus  the  gettering 
efficiency  during  processing.  By  fine 
tuning  the  (low  =  soaking) /high/low 
temperature  sequence  one  can  obtain  a 
wide  range  of  bulk  defect  types  and 
densities . 

3.X  YIELD  STRESS  EVOLUTION  DURING 
SELF -INTERSTITIAL  INJECTION 

A  problem  that  has  been  somewhat 
overlooked  is  the  fact  that  although  a 
denuded  zone  free  from  extended  bulk 
defects  is  obtained,  the  high  mobility 
and  long  lifetime  of  the  self¬ 
interstitials  that  are  massively 
generated  in  the  bulk  will  also  increase 
the  self-interstitial  concentration  in 
the  active  areas  of  the  devices.  This 
increase  of  the  self-interstitial 
concentration  Cj  above  the  thermal 
equilibrium  value  C*j  will  increase  the 
chemical  (and  thus  the  total  climb) 
force  on  a  dislocation  nucleus.  In 
defect  free  substrates  under  constant 
external  stress,  dislocation  nucleation 
is  governed  by  the  internal  climb  force 


F 


ni 


(2) 


with  b#  the  edge  component  of  the  Burgers 

vector  b,  1  the  interatomic  spacing 
between  the  (111)  glide  planes,  and  $  a 
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constant  depending  on  the  crystal 
structure  (for  Si,  ^  «  1)  . 

The  general  yield  formula  in  case  of 
an  inert  anneal  of  oxygen  rich  CZ 
silicon  is  given  by  [5,6] 


with  Fyne  the  external  climb  force 

required  for  dislocation  generation  <- 
yielding),  Fy„FZ  the  external  climb  force 

for  yielding  in  perfect  FZ  material, 
FF°ne  the  external  climb  force  for 
yielding  at  time  t  -  0,  C°!  the 


concentration  of  self-interstitials  at 
the  beginning  of  the  thermal  anneal . 
Analytical  expressions  for  Cj  can  be 


obtained  for  inert  anneals  of  oxygen- 
rich  Czochralski  silicon  [6] . 

This  influence  of  the  amount  of 
precipitated  oxygen  Ac  on  the  yield 
stress  is  illustrated  in  figure  1. 


Intrinsic  gettering  thus  tries  to 
reconcile  two  conflicting  mechanisms 
resulting  from  a  silicon  interstitial 
concentration  pulse:  a  beneficial  one 
which  consists  of  the  dissolution  and 
gettering  of  metallic  precipitates  and  a 
detrimental  one  by  the  lowering  of  the 
yield  stress  by  the  increased  self¬ 
interstitial  concentration.  For  each 
type  of  technology  and  processing 
conditions  there  will  thus  be  an  optimum 
of  precipitated  oxygen  ACopt  resulting  in 

the  highest  device  yield.  This  is 
schematically  illustrated  in  figure  2a 
which  is  based  on  the  work  of 
Jastrzebski  et  al  [7]  .  For  AC  <  Ac0pt, 

the  gettering  action  is  incomplete  while 
for  AC  >  AC0pt  the  increased  density  of 


Figure  1 

Observed  upper  yield  stress  <JFU  as  a 
function  of  AC  and  of  the  starting 
interstitial  oxygen  content  C  [6] . 

processing  or  warpage  induced  substrate 
defects  (figure  2b)  lowers  the  overall 
device  yield. 

3.2  INTRINSIC  GETTERING  STRATEGIES 

To  dissolve  the  metallic  impurities 
by  an  increase  of  the  self-interstitial 
concentration  two  strategies  can  be 
followed  :  either  one  opts  for  a  rapid 
oxygen  precipitation  at  the  start  of,  or 
immediately  after,  a  "dirty"  processing 
step,  or  one  chooses  a  more  gradual 
precipitation  throughout  the  complete 
processing  sequence.  It  is  clear  that 
the  first  option,  which  one  should 
choose  when  metallic  precipitates  are 
already  present,  increases  strongly  the 
possibility  of  homogeneous  defect 
nucleation  which  can  result  in  a  lower 
device  yield  than  compared  with  the 
gradual  one.  This  was  indeed  observed 
experimentally  for  bipolar  processing  as 
illustrated  in  figure  2a. 
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precipitated  oxygen  AC  (10  exp  17  em-3) 

Figure  2 

a)  Normalised  yield  loss  as  a  function 
of  the  amount  of  precipitated  oxygen 
during  a  bipolar  process.  The  cross 
corresponds  with  rapid  precipitation  of 
oxygen,  the  other  measurements  are  for 
gradual  precipitation,  b)  Warpage  during 
bipolar  processing  as  a  function  of  AC 
17]. 

The  gradual  approach  should  be  used 
to  prevent  any  formation  of  impurity 
precipitates  during  processing  of  clean 
substrates.  By  keeping  a  (not  too)  high 
supersaturation  of  self-interstitials, 
the  metallic  impurities  remain  in  their 
mobile  interstitial  status  and  will 
diffuse  rapidly  to  the  SiOx  precipitates 

and  the  associated  lattice  defects. 


4 .  CONCLUSION 

The  present  paper  illustrates  that 
the  implementation  of  intrinsic 
gettering  in  complex  processing 
sequences  is  not  that  straightforward. 
The  decrease  of  the  yield  stress  by  the 
intrinsic  point  fluxes  that  are 
generated  during  oxygen  precipitation 
may  jeopardise  what  is  gained  by  the 
dissolution  and  removal  of  contaminants 
from  the  electrically  active  areas.  A 
gradual  oxygen  precipitation  approach 
with  an  adaptation  of  the  amount  of 
precipitated  oxygen  to  the  level  of 
metallic  contamination  seems  to  be  the 
most  promising  one. 
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LIFETIME  engineering  by  oxygen  precipitation  in  silicon* 
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This  work  itudiai  the  preannealing  steps  at  high  (HI)  and  low  (LO)  temperatures  for  internal  gattaring  in 
medium  oxygen-content  silicon  slices  [(7  ±  1.5)  •  101T  oxygen  atoms/cm*].  By  using  silicon  p-n  junctions 
as  test  vehicles,  wa  gat  tha  following  conclusions:  1)  LO-HI  pretraatmants  produce  an  increase  of  defects 
with  raspact  to  non-praannaaled  wafers;  such  an  increase  is  not  observed  in  HI-LO  pretraatmants;  3)  for 
HI-I/O  preanneals  an  optimum  high  temperature  treatment  can  be  found,  which  gives  lower  amount  of 
defects  with  respect  to  non-praannaaled  wafers,  raprodudbly  from  lot  to  lot;  3)  in  HI-LO  prsannealed 
wafers  the  recombination  lifetime  increase*  with  increasing  the  oxygen  diffusion  length  of  the  high  temper¬ 
ature  pretreatment;  the  electron  diffusion  length  in  the  bulk  decreases  with  increasing  initial  interstitial 
oxygen  concentration;  4)  oxygen  precipitates  are  not  effective  getter  sites  for  metal  impurities. 


1.  INTRODUCTION 

hi  this  work  we  study:  1)  pre-annealing  step*  for  the 
formation  of  a  high  quality  denuded  sons  (DZ)  in  medium 
maygan  content  silicon;  3)  the  defectiveness  of  'optimum*  DZ 
compared  to  the  one  of  non-preannealed  wafers;  3)  the  influ¬ 
ence  of  initial  interstitial  oxygen  concentration  [Oj]  on  the 
electrical  performance  of  tha  test  devices;  4)  the  gettering 
effectiveness  by  oxygen  precipitates  compared  to  the  one  by 
doping  and  segregation  annealing. 

The  test  devices  are  two  n+-p  junctions,  one  with  an  area 
8.35  -  10"*cm*  and  a  perimeter  1  cm  ('area  diode')  and 
the  other  with  area  1.35  •  10~acm*  and  perimeter  63.4  cm 
('perimeter  diode').  The  diode  process,  listed  in  table  1, 
includes  an  external  gettering  by  phosphorus  predeposition 
and  segregation  annealing  at  800° C  for  1  h. 

The  diodes  have  been  tested  in  reverse  bias  condition  to  de¬ 
termine  the  layer  defectiveness:  the  most  frequent  value  of 
leakage  current  is  assumed  as  the  typical  value  of  the  pro¬ 
cess  and  a  diode  is  defined  to  be  defective  when  It*  reverse 
current  exceeds  by  more  than  me  order  of  magnitude  the 
typical  value.  Both  forward  and  reverse  characteristic*  of 
the  typical  diode  have  been  obtained  and  elaborated  to  get 
^Deration- recombination  lifetime  in  the  denuded  tone  and 
the  electron  effective  diffasiop  length. 


Table  1:  n+-p  diode  process. 

a  First  oxidation  and  SijN4  deposition 
a  Mask  (defines  active  sone)  and  field  ion  implant 

*  Field  oxidation,  930°C,  =  7000A 

e  SiiNs  etching,  first  oxide  etching 

a  Gate  oxidation,  gate  oxide  annealing,  oxide  etching 

•  As  ion  implant,  6  ■  10w  cm-1, 160  keV 

a  Radiation  damage  anneal,  550°C,  N».  3  h 
a  Oxidation,  800°C,  50  min,  su  =  300A 
a  SiOa  :  P*0»  deposition  and  densiflcation 
a  Mask  (defines  contacts),  oxide  etching,  back  oxide  etching 
a  P  predeposition,  POC1*,  03O°C,  V/I  =  40 
a  Reflow  anneal,  1050#C,  Na,  6  min 
a  Segregation  anneal,  800"C,  Na,  1  h 
a  Al:Si  sputtering,  mask,  Al:Si  etching  and  alloy 


The  final  junction  depth  is  about  0.35/nn. 

3.  DZ  FORMATION 

The  slices  were  p-type,  Csochralski  grown,  (100)  ori¬ 
ented,  10  cm  diameter,  16  -  3411cm  resistivity,  and  [0|] 
wa*  in  the  range  7  ±  1.5  •  10,Tcm~*  (measured  by  infrared 
absorption  spectrometry,  new  ASTM  units);  carbon  concen¬ 
tration  was  below  or  around  the  detection  limit  (10l*cm"*). 

The  preliminar  experiment  consisted  in  comparing  LO- 
HI  prsannealed  diodes  with  HI-LO  ones  [1,3].  The  prelimi¬ 
nar  choice  was:  LO:  730*C,  8  h  N*j  HI:  1080°C,  3  h,  4  h,  8  h 
or  1100*C,  55  min,  1  h  46  min,  3  h  35  min,  Na  +  5%  0*  or 


‘This  work  was  partially  supported  by  tha  European  Economic  Community  under  the  ESPRIT  program  “Substrates  for  CMOS 
VLSI". 
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100X0*.  The  duration*  of  the  high  temper  at  ore  treatment* 
were  *o  chosen  that  the  oxygen  diffusion  length*  at  1060*0 
and  1100*0  were  equal  to  one  another  [3]  (2  h  at  1050*0  *-* 
66  min  at  1100*C,  etc).  LO-HI  pretreatment*  produce  an 
increase  of  both  area  and  perimeter  defect  demity  (f*  and 
tp\  * ee  table  2). 

Table  2:  Defect  demity  of  preannealed  wafer*. 


da/cm-* 

4p/cm-1 

LO-HI 

1.7 

8 • 10-* 

hi-lo 

0.6 

4  •  10_s 

not  preannealed 

0.9 

6-10-* 

Area  and  perimeter  defect  demity  of  preatmeeled  and  non- 
preannealed  wafer*.  About  500  diode*  per  group  war* 
teited. 

The  second  »tep  concerned  the  analyii*  of  the  effect  of 
the  duration  of  the  HI  treatment  [(2  -  8)h  at  1050*0  and 
56  min  -  6  h  at  1100*0]  in  HI-LO  sequence*.  It  ha*  been 
found  that  this  preannealing  has  a  rather  small  effect  on  area 
defect  density,  but  a  sensitive  effect  on  perimeter  defect  den¬ 
sity  (see  table  3):  in  wafers  preannealed  at  1100*0  for  6  h 
(oxygen  diffusion  length  2 y/D<yt  ~  34pm)  the  perimeter  de¬ 
fect  density  is  the  lowest  and  most  reproducible;  for  shorter 
oxygen  diffusion  length  and  in  non-preannealed  wafers  the 
perimeter  defect  density  is  higher  and  disperded  over  a  wider 
range.  No  influence  of  the  annealing  environment  was  found. 

Table  3:  Defect  density  of  HI-LO  preannealed  wafers. 


2y/ Dot /fan 

lot-to-lot 

dispersion 

typical 

value 

Sp/  cm" 

>2 

14 

0.9  -  12  •  10"* 

3.6  ■  10-* 

20 

<  0.4  -  13  •  10~* 

5.4  •  10-* 

28 

0.9  -  16  •  10-* 

3.9-10-* 

34 

0.4  -  4  •  10“* 

1.7  •  10"* 

not  preannealed 

<  0.2  -  66  •  10~* 

6 • 10-* 

Most  electrical  defect*  in  LO-HI  preannealed  wafer*  are  due 
to  a  tanning  anticipated  breakdown,  in  the  reverie  bis* 
rang*  10  -  20  V,  the  correct  breakdown  voltage  (BV)  being 
20  -  23  V.  The  forward  characteristic  is  not  affected  by  this 
defect.  This  behaviour  is  sometime*  observed  also  in  non- 
praannsaiad  wafer*,  but  usually  in  perimeter  diode*.  HI-LO 
pratreatmsnt*  reduce  the  number  of  such  defect*,  provided 
that  the  duration  of  the  HI  annaaitug  j*  long  enough,  and 


this  result*  further  in  a  reduction  of  perimeter  defect  demity 
(table  3). 

The  leaning  anticipated  breakdown  is  much  less  frequent  in 
epitaxial  substrates  than  in  standard,  non-preannealed  sub¬ 
strate*:  for  epitaxial  substrate*  Sp  =  3  •  10_4-4  •  10“*cm"'1, 
with  an  average  value  of  2  -  10_*cm_l,  comparable  with  the 
value  obtained  in  HI-LO  preannealed  wafer*  by  the  longest 
HI  pretreatment.  These  fact*  suggest  that  the  seeming  an¬ 
ticipated  breakdown  is  related  to  the  presence  of  oxygen  in 
a  layer  close  to  the  surface. 

Structurally,  the  layer  has  been  observed  both  by  scanning 
electron  microscope  (SEM)  and  by  transmission  electron  mi¬ 
croscopy  (TEM);  when  precipitates  are  large  enough,  these 
techniques  give  the  same  value  of  denuded  sone  (DZ)  thick¬ 
ness.  Typical  defects  observed  by  TEM  in  the  bulk  of  LO- 
HI  preannealed  wafer*  are:  plate-like  amorphous  SiO,  pre¬ 
cipitates  with  prismatic  punching,  small  precipitates  (500  - 
700  A)  with  demity  10l*em-*,  large  dislocation  loops,  and 
stacking  faults  with  diameter  1-10/rm  (fig.  1).  Also  in  HI¬ 
LO  preannealed  wafers  oxide  precipitates  with  prismatic  punch¬ 
ing  and  irregularly  shaped  dislocation  loops  are  revealed,  but 
bulk  defects  are  much  less  dense.  The  demity  of  bulk  de¬ 
fects  is  sometimes  very  low,  so  that  it  cannot  be  estimated 
by  TEM  inspection;  a  bulk  defect  demity  of  the  order  of 

10*  an-*  has  been  found  for  initial  interstitial  oxygen  con¬ 
centration  of  8  •  101Tcm_s  (close  to  the  upper  limit  of  the 
range  in  study). 


FIGURE  1 

Typical  defects  in  the  bulk  of  a  LO-HI  preannealed  wafer. 

The  minority  carrier  effective  diffusion  length  in  the  neu¬ 
tral  bulk  region,  L&,  has  been  obtained  from  the  diffu¬ 
sion  component  of  the  forward  current  density  of  the  diode; 
both  for  LO-HI  and  for  HI-LO  pretresrtments  L&  increases 
with  the  oxygen  diffusion  length  of  the  HI  pretreatment 
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(table  4).  For  LO-HI  pretreatments  L&  >'  comparable  to 
the  denuded  son*  thickness  Lot,  while  for  HI-LO  prstreat- 
menti  L*  i»  larger  by  om  order  of  magnitude.  By  assuming 
=  Lot,  the  electron  diffusion  length  in  the  defective 
bulk  tone  L\,  can  be  calculated;  la  i*  in  the  range  l-10pm 
for  LO-HI  pretreatmente  and  60-200 ftm  for  HI-LO  pretreat- 
menti. 


Table  4:  Denuded  lone  thickness. 


2y/l)ot 

LO-HI 

HI-LO 

Lot 

ItS 

Idz 

Ldt 

14 

17.5 

20-23 

16 

90  ±30 

20 

22 

36 

20 

140  ±  30 

28 

29 

27-33 

30 

150  ±  50 

34 

39 

170  ±  70 

Denuded  sone  thickneta  meaaured  by  cleavage,  Secco  etch¬ 
ing  and  SEM  inspection  ii  compared  to  the  oxygen  diffusion 
length  for  the  high  temperature  pretreatxnent  and  to  the  ef¬ 
fective  electron  diffusion  length.  All  lengths  ate  expressed 
in  fan.  The  typical  dispersion  in  Lot  is  of  the  order  of  a  few 
microns. 


FIGURE  2 

Recombination  lifetime  in  HI-LO  preannealed  wafers  vs.  the 
oxygen  diffusion  length  for  the  high  temperature  preanneal¬ 
ing. 

The  recombination  lifetime  in  the  space  charge  region 
rra  has  been  obtained  from  the  recombination  component 
of  the  forward  area  current  density.  For  HI-LO  preannealed 
wafers  ry*  increases  when  the  oxygen  diffusion  length  in¬ 
creases  (fig.  2);  the  typical  value  of  non-preanneled  wafers 
(about  1  ms)  is  reached  after  6  h  at  1100*C.  For  LO-HI  pre- 
anneals  the  recombination  lifetime  is  in  the  range  2-3  -  10~*s. 


The  previous  results  are  an  average  over  all  oxygen  con¬ 
tents  in  the  specified  range.  The  subsequent  analysis  con¬ 
cerned  the  role  of  oxygen  concentration.  Slices  with  mea¬ 
sured  oxygen  content  (in  the  same  range  as  above)  were  pre¬ 
annealed  according  to  the  'best'  p  re  treatment:  a)  1100*0, 
0  h,  N,  +  5X0,;  b)  730*C,  8  h,  N,;  c)  1000*0,  5  h,  100% 
dry  O,.  When  [0|]  varies  in  the  specified  range,  no  signifi¬ 
cant  variations  are  observed  in  defect  density  of  preannealed 
wafers  and  in  the  percent  variation  of  interstitial  oxygen  con¬ 
centration  A(0i]  after  the  preannealing,  steps  (A[Oi]  <  5- 
10%).  Also  the  recombination  lifetime  in  the  space  charge 
region  i,  independent  of  [Oj]  in  the  considered  range,  vary¬ 
ing  from  6  •  10~*t  to  8  ■  10~4i. 

However,  the  electron  diffusion  length  in  the  bulk  is  strongly 
influenced  by  [Oi]  (fig.  3):  for  preannealed  wafers  processed 
according  to  table  1  It,  decreases  with  increasing  oxygen 
concentration  for  [Oi]  >  7  •  10lTcm“s,  starting  from  the  typ¬ 
ical  value  of  non-preannealed  wafers. 

3.  GETTERING  BY  OXYGEN  PRECIPITATES 

In  order  to  evaluate  the  effect  of  the  segregation  anneal¬ 
ing  (SA)  [4,5]  on  the  behaviour  of  preannealed  wafers,  we 
selected  preannealed  wafers  with  the  same  values  of  [Ot]  and 
A[0|];  tome  of  them  did  not  undergo  the  segregation  anneal- 


FIGURE  3 

Electron  diffusion  length  la  in  the  bulk  of  wafers  prean¬ 
nealed  according  to  the  optimised  preannealing  sequence, 
vs.  initial  [Ot}.  o  and  e:  process  shown  in  table  1;  □  and 
a:  the  same,  except  that  the  Anal  external  gettering  step 
(phosphorus  predeposition  and  segregation  annealing)  was 
not  carried  out.  Samples  e  and  ■  had  the  same  value  of 
[Oi]  and  of  A(0|]  (A[0|J  =  0.5 ■ 101Tem~*).  L%  was  calcu¬ 
lated  assuming  a  5 Oftm  denuded  sone  (obtained  from  TEM 
inspection). 
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lag  a  Up.  In  thaee  wafers  Zfc  to  lower  than  a  half  tha  value  in 
wafan  which  underwent  segregation  annaaling  (fig.  9).  Sim¬ 
ilar  results  are  obtained  if  no  phosphorus  prodeposition  but 
only  a  segregation  annealing  to  performed  or  if  no  get  taring 
by  doping  and  segregation  annealing  to  performed.  These 
rased  ts  show  that  fettering  bf  phosphorus  doping  and  tegre- 
fstson  annealing  is  more  effective  than  fettering  bg  onggen 
precipitates,  at  least  for  initial  interstitial  oxygen  concentra¬ 
tion  in  the  considered  range. 


Table  6:  External  gettering  in  Hl-LO  preannealed  wafers. 


preanneal 

final  gettering  steps 

-4, 

cm  2 

-4r 

cm  1 

P  predep  4-  SA 

0.6 

1.7-10-* 

yes 

no  P  predep,  only  SA 

15 

3 ■ 10-* 

ye* 

no  final  gettering 

15 

2-10-* 

no 

P  predep  4-  SA 

0.9 

6 ■ 10"* 

no 

no  final  gettering 

14 

>  5.5  •  10-* 

Area  and  perimeter  defect  density  in  HI-LO  p  re  annealed 
and  non- preannealed  wafen  for  different  choices  of  the  final 
gettering  steps.  The  optimised  preannealing  sequence  has 
been  used. 

The  results  in  fig.  3  concern  only  the  behaviour  of  good 
diodes  obtained  by  different  gettering  processes.  Besides, 
in  absence  of  phosphorus  predeposition  the  defect  densities 
are  very  high  both  in  preannealed  and  in  non-preannealed 
wafers  (table  5);  only  a  small  reduction  of  fp  is  obtained  by 
the  preannealing  sequence.  When  no  gettering  by  phospho¬ 
rus  predeposition  and  segregation  annealing  is  performed, 
both  in  preannealed  and  in  non-preannealed  wafers  defective 
diodes  often  show  a  ‘soft*  reverse  characteristic  (attributed 
to  metal  contamination  [6]),  which  to  very  seldom  observed 
in  presence  of  phosphorus  gettering.  These  facts  show  that 
gettering  bg  oxgge n  precipitate*  alone  is  not  able  to  prevent 
from  electrical  defect s. 

As  LO-HI  pretreat ments  have  been  found  to  produce  a  higher 
density  of  bulk  defects  than  HI-LO  ones,  more  gettering  ef¬ 
ficiency  could  be  expected  from  the  defective  bulk  tone  cre¬ 
ated  by  a  LO-HI  preanneal;  in  fact,  we  observed  decorated 
bulk  defects  by  TEM  inspection  in  absence  of  phosphorus 
gettering.  Despite  this,  table  8,  which  compares  the  recom¬ 
bination  lifetime  in  the  space  charge  region  obtained  in  LO- 
HI  preanneeled  and  non-preannealed  wafers  with  and  with¬ 
out  gettering  by  phosphorus  predeposition  and  segregation 
annealing,  shows  that  also  a  heavily  defective  bulk  tone,  as 
the  can  created  by  a  LO-HI  preanneal,  has  a  very  poor  get¬ 
tering  efficiency.  In  fact,  in  sbeeace  of  phosphorus  gettering 


LO-HI  preenneeled  wafers  have  low  recombination  lifetime; 
thaee  wafen  give  a  leaksge  current  of  lpA/cm*,  which  to 
unacceptably  high  for  several  microelectronic  applications. 

Table  8.  External  gettering  in  LO-HI  preanneabd  wafen. 


w» 

LO-HI 

no  preanneal 

P  predep  4-  SA 

2-3  10-* 

1-3  10“* 

no  final  gettering 

2 • 10"T 

6  10~T  -  3 • 10-* 

Recombination  lifetime  in  LO-HI  preenneeled  and  non- 
preannealed  wafers  with  and  without  gettering  by  phospho¬ 
rus  doping  and  segregation  annealing. 

4.  CONCLUSIONS 

Preannealing  steps  for  the  formation  of  a  high  qual¬ 
ity  denuded  sone  in  medium  oxygen  content  silicon  have 
been  studied.  LO-HI  preenneeled  wafers  have  been  shown 
to  have  higher  defect  density  than  non-preannealed  wafers. 
The  HI  pretreatment  has  been  optimised  for  HI-LO  pre- 
treatments;  a  pretreatment  has  been  identified  which  gives 
wafers  with  lower  and  more  controlled  defect  density  than 
non-preannealed  wafers. 

In  HI-LO  preannealed  wafers  the  electron  diffusion  length  in 
the  bulk  decreases  with  increasing  initial  interstistial  oxygen 
concentration;  the  recombination  lifetime  in  the  denuded 
sone  increases  with  increasing  oxygen  diffusion  length. 

The  gettering  efficiency  of  the  defective  bulk  sone  has  been 
tested;  it  has  been  found  that  oxygen  precipitates  are  not  ef¬ 
fective  gettering  sites  for  metal  impurities,  and  gettering  by 
doping  and  segregation  annealing  is  still  necessary  to  control 
the  electrical  performances  of  devices.  Therefore,  the  main 
result  pf  a  correct  preannealing  sequence  is  to  prevent  from 
oxygen  precipitation  in  the  surface  layer. 
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A  MODEL  FOR  OXYGEN  PHASE  TRANSITION  KINETICS  IN  CZ  GROWN 
SILICON  AND  ITS  APPLICATIONS  TO  IC  PROCESSES 
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A  model  for  oxygen  precipitation  in  silicon  at  high  temperatures  has  been  develo¬ 
ped  and  tested  succesfully  on  different  low-high  treatment.  The  model  was  then 
extended  to  multistep  treatments  and  tested  on  CMOS/NMOS  processes  simulations  ; 
trends  are  correctly  predicted. 


1.  INTRODUCTION 

VLSI  device  manufacturing  requires  tight  con¬ 
trol  of  physical  features  of  silicon  wafers, that 
becomes  very  important  for  oxygen  for  its  impact 

on  device  attributes.  Oxygen  content  in  Si  can 

17  18 

be  controlled  anywhere  between  5*10  -10  at 

-3 

cm  .  Such  values  exceed  solubility  at  all  pro¬ 
cess  temperatures  and  oxygen  precipitates  for- 
1  2 

ming  a  Si-0  phase  ’  during  device  processing. 
Precipitates  have  a  negative  effect  in  the  acti¬ 
ve  device  zone  where  are  linked  to  generation/ 

3  4 

recombination  centers  1  .while  they  act  as  get- 
tering  centers  for  impurities  in  the  bulk. 

Modeling  of  oxygen  precipitetion  (OP)  is  then 
of  great  interest  because  it  permits  to  tailor 
the  wafer  properties  for  maximum  device  yield  in 
a  given  process  without  costly  experiments . 

In  this  work  OP  has  been  studied  for  diffe¬ 
rent  initial  conditions  and  thermal  treatments 
(TT) .  The  affect  of  a  2-step  TT  was  firstly  stu- 

'  5 

died.  A  model  involving  homogeneous  nucleation 

g 

and  diffusion  limited  precipitation  has  been 
developed  to  interpretate  the  results.  In  a  se¬ 
cond  time  the  influence  of  CMOS/NMOS  processes 
on  OP  was  studied;  thermal  simulations  were  per¬ 


formed  and  the  model  adapted  to  multistep  TT. 

2.  EXPERIMENTAL 

Samples  used  in  this  study  were  boron  doped, 
(100)  oriented  polished  wafers, 125  mm  in  diame¬ 
ter  and  20-60  ohm  cm  in  resistivity.  Oxygen  con¬ 
tent  C0  was  measured  with  FTIR  spectroscopy  ac¬ 
cording  to  ASTM  F121-83.  Samples  were  chosen  to 

obtain  a  uniform  distribution  of  C„  between  6 

17  -3 

and  8*10  at  cm  . 

In  2-step  TT  samples  were  annealed  in  N^  for 
0-8  h  at  650-850  °C  and  then  for  0-20  h  at  1000- 
1150  °C.  CMOS/NMOS  simulations  reproduced  all 
process  thermal  steps  without  lithography, LPCVD. 
implantations.  Oxidations  were  performed  in  0? 
or  Hg/02,  other  steps  in  N2> 

Residual  oxygen  was  measured  with  FTIR  spec¬ 
troscopy.  Precipitate  density  was  measured  on 
cleaved  cruss  sections  after  5'  Schimmel  etch. 

3.  DESCRIPTION  OF  THE  MODEL 

3.1  Precipitation  at  constant  temperature 
In  order  to  model  OP  in  M0S  processes  we  will 
first  analize  OP  in  1  step  TT  at  constant  tempe¬ 
ras  re.  The  following  asaumption  are  made: 
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*  OP  occurs  only  if  oxygen  nuclei  (genereted  du¬ 
ring  crystal  growth  or  low  temperature  steps) 
are  present  with  density  Nc. 

*  OP  is  caused  by  nuclei  growth  via  spherical 
diffusion  of  oxygen  atom. 

*  Ouring  growth  precipitates  keep  smaller  than 
the  mean  distance  among  nuclei. 

The  precipitated  oxygen  fraction , defined  as 
Sp(t)=(C0-C(t))/(C0-Cs(T)) .were  C(t)=residual 
concentration  at  time  t,Cs=solubility7,can  then 
be  expressed  as 

(1)  Kct  =  H(Sp1/3) 

(2)  H(u)=*  In  -  3**  artg  ------  ♦ 

u*-2u+l  3* 

+  0.9068 

where  K0  is  a  kinetic  constant 

(3)  K„=  D(T)  N3/3  (36  Vn  (C0-Cs))1/3 

where  V0=oxygen  atomic  volume  in  the  precipita¬ 
te  ,0=diffusivity  at  temperature  T.  From  (l),we 
see  that  choosing  K0t  as  time  variable  OP  kine¬ 
tics  is  the  same  for  all  TT  and  initial  condi¬ 
tions. 

N0  is  given  by  homogeneous  nucleation  theory, 

(4) 

(51  J..  4.0  C.2  T***  .-'./(TU-T/T.)') 

where  t0= incubation  time,Js=nucleation  rate,J0, 
E0  material  constants, Ts=solubility  temperature 
when  C0  equals  Cs. 


*  A  multistep  TT  is  considered  as  a  single  TT; 

in  this  way  K0  is  discontinuous  at  each  step 

boundary  for  changes  in  tempersture  or  N0. 

The  residual  concentration  within  each  step 

can  be  computed  from  (1)  introducing  a  time 

shift  t*  at  each  step  n,  defined  by 
n 


(6) 


‘iWW-^n  +  (VKn+1>  K-l 


where  K  ,t  kinetic  constant  and  length  of  step 
n  n 

n.  t*  takes  into  account  that  different  K„  pro- 
duce  the  same  OP  at  different  times  and  that 
C(t)  is  continuous  at  each  step  boundary. 


4.  RESULTS  AND  DISCUSSION 
4.1  OP  after  low-high  TT 
In  fig.l  observed  Sp  is  plotted  vs  reduced 
time  K0t  using  the  observed  N0  values.  All  data 
cluster  around  the  theoretical  curve  (solid  li¬ 
ne)  -.this  is  a  first  test  of  the  model's  validity. 


InltUl  oxygtn:  5.B  -  0.25  I0,?lt  c.  ^ 
Nuclutlon:  650/050  C  for  0/0  h 


M 

u 

I 


1088  C 
1050  C 
1100  C 
1150  C 


20 h 
10b 
10b 
Bh 


FIGURE  1 


3.2  Precipitation  during  multistep  TT 
The  model  is  extended  to  multistep  TT  with 
the  following  assumptions: 

*  Steps  below  850  °C  generate  nuclei  according 
to  (4)-(5),  with  C(t)  instead  of  C0,but  no  OP. 
Nuclei  formed  during  CZ  growth  are  neglected. 

*  The  effect  of  temperature  ramps  is  neglected 


Diffusivity  calculated  from  (2) -(3)  is  in 

g 

good  agreement  with  published  data  (fig.  2). 

Analysis  of  oxygen  nucleation  is  beyond  the 
aims  of  this  work, but  an  extimation  of  nuclea¬ 
tion  rate  was  made  to  compute  nuclei  formed  du¬ 
ring  nucleation  steps.  A  best  fit  of  (5)  gives 
J0*7. 94*10  11  cm  K-*  and  Eo=1082  (C. 
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Teap  (C) 


FIGURE  2 

4.2  OP  after  CMOS/NMOS  process  simulation 

A  first  group  of  samples  was  submitted  to  the 
CMOS  simulation  of  Table  1.  After  each  step  wa¬ 
fers  were  cooled  to  room  temperature.  A  second 
group  ('modified  process1')  was  treated  for  4  h 
at  700  °C  before  the  simulation, to  study  the  ef¬ 
fect  of  a  prenucleation  on  OP; in  this  case  pad 
oxide  was  grown  at  1100  °C  to  obtain  an  accep¬ 
table  denuded  zone  depth. 

In  fig.  3  the  mean  C(t)  is  plotted  vs  process 
time; after  a  typical  CMOS  process  OP  is  15%  whi¬ 
le  after  the  modified  process  OP  reaches  60%. 

The  determining  step  is  then  the  well  diffusion. 

In  fig.  4  precipitated  oxygen  is  plotted  vs 
C0; solid  lines  are  the  model's  predictions; OP 
trend  is  correctly  predicted  by  the  model.  Pre¬ 
nucleation  reduces  OP  scattering  for  a  given  C„ . 

A  third  group  of  samples  was  submitted  to 
NMOS  simulation  (steps  of  Table  1  without  well 
diffusion) .  A  modified  process  was  run  with  a 
fourth  group  as  for  CMOS. 

In  fig.  5  the  mean  C(t)  is  plotted  vs  process 
time.  After  a  typical  NMOS  process  OP  is  negli¬ 
gible,  while  after  the  modified  process  OP  rea¬ 
ches  30  %;well  diffusion  has  a  strong  impact  on 


Table  1.  Typical  CMOS  process  thermal  steps 


*  Pad  oxide,  500  A  ,  950  °C 

*  Nitride  deposition,  200  A,  780  °C 

*  Field  oxide,  5000  A,  950  °C 

*  Well  diffusion,  1150  °C 

*  Gate  oxide,  300  A,  900  °C 

*  Polysilicon  deposition , 5000  A,  650  °C 

*  Source  and  drain  diffusion,  1000  °C 

*  PVAPOX  deposition,  415  °C 

*  PVAPOX  densification,  900  °C 

*  Metal  forming,  450  °C 

*  Final  passivation  deposition,  415  °C 


-  Typical 

-  Modified 

12  3  4 


C  MOS  process 
C  MOS  process 
5G  7 


051015  20  25  30 


1  Pad  oxide 

2  Nl tr Ida 

3  Field  oxide 

4  p-y te  1  I 

5  Gate  ox i de 

6  Po  I  y 
?  S/D. 

passivation, 

metal 


Process  time  (h) 


FIGURE  3 


o  Typical  C  MOS  process 
o  Modified  C  MOB  process 


FIGURE  4 


OP. 

In  fig.  6  precipitated  oxygen  is  plotted  vs 
C0.  Solid  lines  are  the  model's  predictions; al¬ 
so  in  this  case  OP  trend  is  correctly  predicted. 
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Prenucleation  doesn't  reduce  OP  scattering, be¬ 
cause  the  shorter  NMOS  process  tines  don't  per- 
nit  to  level  OP  in  senples  with  different  grown 
in  nuclei  densities. 

—  Typical  N  MOS  process 
- Modified  N  MOS  process 


12  3  4  5  S 


0  5  10  15 


Process  time  (h) 
FIGURE  5 


o  Typical  N  MOS  process 
o  Modified  N  MOS  process 


1  ?  -3 

Oxygen  concentration  (10  at  cm  ) 


FIGURE  6 

5.  CONCLUSIONS 

A  model  for  OP  in  silicon  has  been  developed 
to  predict  oxygen  kinetics  during  high  tempera¬ 
ture  TT  and  tested  succesfully  on2-step  TT.  The 
model  was  then  extended  to  multi-step  TT  and 
tested  on  CMOS/NMOS  processes  simulations; date 
are  fitted  well  by  the  model. 

Precipitation  scattering  can't  be  explained 
by  the  model  it's  probably  due  to  grown  in  nu¬ 


clei;  this  item  has  to  be  implemented. 

In  any  case  a  good  extimation  of  OP  for  dif¬ 
ferent  process  technologies  can  be  made  end  this 
permits  to  design  the  substrate's  characteri  - 
sties  in  order  to  maximize  OP  and  intrinsic  get- 
taring. 
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1.  INTRODUCTION 

Intrinsic  gettering  (IG)  procedures 
in  Cz  silicon  result  in  the  formation 
of  defect  depth  profiles  characterized 
by  a  low  density  of  crystal  defects  at 
the  surface  (denuded  zone-DZ)  and  a 
high  defect  density  in  the  wafer  bulk. 
Thereby,  the  bulk  defects  are  important 
as  gettering  sites  for  undesired  impu¬ 
rities  /I/.  The  defect  profile  leads 
to  a  corresponding  profile  of  recombi¬ 
nation  properties  (recombination  life¬ 
time  f  respectively  diffusion  length 
L),  with  low  recombination  in  the  DZ 
and  strong  recombination  in  the  bulk. 

This  is  illustrated  in  /2,  3/ 
showing  EBIC  micrographs  of  beveled 
samples  and  the  corresponding  depth 
profiles  of  minority-carrier  diffusion 
length  L(z).  The  bulk  region  is 
often  treated  as  being  unimportant  for 
device  operation.  This  assumpution  is, 
however,  not  justified  when  devices  are 
built  directly  in  the  substrate  /4/. 

Accordingly,  there  is  an  interest  in 
characterizing  bulk  recombination  in  IG 
silicon  and  in  knowledge  about  its 
sources.  Studies  on  this  topic  perfor¬ 
med  by  the  EBIC  technique  are  presented 
below.  Further,  the  influence  bulk 
recombination  may  have  on  device  opera¬ 
tion  will  be  discussed  in  chapter  3 , 

2.  RECOMBINATION  SOURCES  IN  THE  BULK  OF 

IG  SILICON 

During  IG  oxygen  -  related 

precipitates  (OP)  are  formed  which  on 
Its  turn  lead  to  generation  of  secondary 
defects  like  volume  stacking  faults 
(SF)  and  dislocation  loops,  see  /I/. 

In  a  paper  by  Hwang  and  Schroder  /5/ 
the  OP  themselves  are  described  as  the 
dominant  source  of  bulk  recombination 


although  SF  and  dislocation  loops  were 
also  present  in  the  samples  investigated 
by  the  authors.  The  general  validity  of 
their  results  is  to  be  called  in 
question  from  the  point  of  view  of  our 
experience  with  intrinsically  gettered 
silicon  samples. 

The  EBIC  method  was  used  by  us  for 
investigating  the  causes  of  bulk 
recombination  as  it  allows  both  to 
determine  diffusion  length  and  to 
visualize  sites  of  strong  recombination. 
The  strength  of  the  defect  recombination 
activity  may  be  thereby  evaluated  from 
the  defect  EBIC  contrast  /6  -  U/.  But, 
by  far  not  all  volume  defects  reveal 
themselves  by  producing  EBIC  contrast. 
This  is  in  agreement  with  results  of 
Inoue  et  al .  /9/  who  carried  out  EBIC 
investigations  of  crystal  defects  in 
solar  cells  and  found  a  correlation 
between  local  diffusion  length  and  the 
density  of  defects  showing  EBIC 
contrast. 

On  the  base  of  EBIC  investigations  of 
IG  silicon  wafers  we  are  going  now  to 
rediscuss  the  question  of  Hwang  and 
Schroder  /5/:  What  is  the  dominant 
source  of  lifetime  degradation,  OP  or 
secondary  defects  like  SF  or  dislocation 
loops? 

It  is  obvious  that  defects  allowing 
dark  EBIC  contrasts  reduce  the  average 
diffusion  length  in  the  material  because 
dark  contrasts  indicate  additional 
recombination.  So  far  it  is  proved  that 
secondary  defects  with  EBIC  contrasts 
are  recombination  sources.  However, 
other  crystal  defects  not  detectable  by 
the  EBIC  technique  and  impurities  may 
also  produce  an  enhanced  recombination 
background  without  producing  EBIC 
contrast  (Fig.  1).  So  there  arises  the 
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problem  to  separate  the  contributions 
due  to  the  background  from  that  due  to 
defects  having  EBIC  contrast. 

2.1.  On  the  EBIC-technique 

Assume  recombination-active  defeots 
being  small  compared  to  the  size  of  the 
interaction  volume  of  the  electron 
probe  with  the  semiconductor.  Then 
recombination  properties  and  EBIC 
contrast  are  related  by  the  formula  /8/ 
D 

n  W  -  c -  (1), 

fvth 

nC  being  the  product  of  number  and 
mean  capture  cross  section  of 
recombination  centres  acting  in  the 
defect,  c  the  EBIC  contrast  of  the 
defect,  D  and  v^.^  the  minority-carrier 
diffusivity  and  thermal  velocity, 
respectively,  and  f  a  correction  factor 
depending  on  defect  depth,  operation 
conditions  of  the  scanning  electron 
microscope  and  diffusion  length  outside 
the  defect.  To  estimate  the  different 
contributions  to  recombination  a  simple 


Schematic  illustration  of  different 
defects  in  a  sample.  The  diffusion 
length  component  Lg  is  due  to  defects 
having  EBIC  contrast  (full  circles), 
the  component  Ljj  is  due  to  point  defect 
(points)  or  extended  defects  giving  no 
EBIC  contrast  (open  circles). 


model  will  be  used  here  which  treats  the 
recombination  taking  place  at  the 
defeots  visible  in  EBIC  contrast  as 
being  equivalent  to  centres  randomly 
distributed  in  the  material.  So,  we  may 
write 

Lb-2  “  I'e”2  +  hi"2  (2) 

where  Lg  is  the  bulk  diffusion  length 
measured,  describes  the  contribution 
of  the  observed  defects  with  EBIC 
contrasts  and  Lj,j  is  the  diffusion 
length  due  to  the  recombination 
background,  compare  Fig.  1,  The 
diffusion  length  component  due  to  the 
EBIC  contrasts,  Lg,  depends  on  the 
contrast  values  c  and  on  contrast  density 
and  may  be  roughly  approximated  by 
(unpublished  result) 

Rf  1  /2 

111  max 

LE  -  1  ( - )  (3) 

cmax 

with  1  describing  the  mean  distance 

between  the  contrasts  on  the  EBIC 

micrograph,  R(/um)  =  0.0171  x  EQ1 
(keV)  being  the  electron  range  /1 0/  and 
°max  maximum  contrast.  Thereby, 

Rfmax  -  0.15  is  valid  independent  of  R 
for  diffusion  lengths  between  the 
defects  hj/[  ^  lO^um.  Fig.  2  shows  the 
bulk  diffusion  length  I.g  calculated 
from  (2)  and  (3)  versus  mean  distance  1 
between  EBIC  contrasts. 

2.2.  Experimental  results  and 

discussion 

There  were  studied  a  lot  of  different 
Cz  silicon  samples  with  the  following 
charac terist ic s :  p-type ,  boron-doped, 

£  =  10  ...  20  ohm. cm,  3"  or  4"  diameter, 
(100)  or  (111)  orientation,  different 
oxygen  content  (5. ..10  x  10^  cm-^), 

different  heat  treatments  for  10 
(multistep  heat  treatments  or  ramping 
for  nucleation). 

The  EBIC  investigations  in  the  volume  of 
the  samples  were  carried  out  either  on 
bevels  or  after  sufficient  surface 
removal  by  etching.  A1  Schottky  contacts 
were  used  for  charge  collection. 

1  and  cmax  were  determined  for  a 
beam  energy  E0  =  30  keV  thereby 

averaging  over  a  sufficiently  large  area. 
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The  maximum  oontrast  values  omax 
were  near  0.3  •  The  else  of  the  defeots 
showing  BBIC  oontrast  was  in  the  range 
of  1 /um  so  that  they  could  be 
considered  as  being  small  compared  to 
R.  The  bulk  diffusion  length  Lg  was 
determined  from  energy-dependent  EBIC 
measurements. 


FIGURE  2 

Bulk  diffusion  length  Ig  in  dependence 
on  mean  distance  1  between  EBIC 
contrasts.  Measured  values  (EQ  =30 
keV)  and  calculated  curves  with  EBIC 
defect  contrast  cmax  and  diffusion 
length  Lfj  between  the  defeots  as 
parameters . 


The  measured  data  are  shown  in  Fig.  2, 
More  detailed  information  about  two 
typical  samples  denoted  A  and  B  is 
given  in  the  table  . 

It  is  found  that  the  total  defect 
density  obtained  by  ftching  (Ngp  +  Ngp 
+  ...)  is  markedly  larger  than  the 

density  of  defects  giving  EBIC 
contrasts  Ng,  but  Mgy  and  Nj.  are 
usually  in  the  same  order  of  magnitude. 
In  sample  A  Lg  <  is  observed,  i.e. 
the  dominant  source  of  bulk 
recombination  are  defects  showing  EBIC 
contrast,  probably  SF.  Sample  B  has  Lg 
-  Lf.j ,  again  indicating  a  significant 
contribution  to  bulk  recombination  by 
defects  with  EBIC  contrast.  The 
diffusion  length  between  the  contrast 


sites,  Lg,  is  estimated  to  be  smaller 
than  the  diffusion  length  in  the  denuded 
zone  Lgg  for  both  samples.  This  is 
thought  to  be  indicative  of  other  but 
not  dominant  recombination  sources  which 
oould  exist  in  the  bulk  but  are  missing 
in  the  DZ  due  to  IG  and  which  are  not 
detectable  by  the  EBIC  method.  In  the 
light  of  our  results  the  OP  cannot  be 
therefore  considered  to  play  the 
dominant  role  in  bulk  recombination  in 
IG  samples. 

Dominant  OP  recombination  seems  to  be 
rather  confined  to  samples  with  very 
high  OP  densities  Ngp  m  lO1^  ...  lO1^ 
cm'^  /5/  produced  by  long-duration  heat 
treatments  not  typical  of  normal  IG 
proe  edures. 

Nevertheless,  oxygen  precipitation  may 

be  involved  in  defect  recombination  in 

some  other  respect.  It  is  widely 

accepted  that  recombination  activity 

visible  as  EBIC  contrast  is  due  to  some 

interaction  of  extended  crystal  defects 

with  impurities.  Metallic  impurities 

are  considered  here,  but  also  oxygen  as 

the  most  Important  impurity  in  Cz 

silicon.  Let  us  assume  that  defect 

recombination  activity  is  simply  due  to 

an  accumulation  of  solved  metallic 

impurities  at  the  defect  site.  For 

estimating  under  which  conditions  such 

accumulation  can  produce  significant 

contrast  take  an  active  defect  volume  of 

1  fin?  and  an  impurity  solubility  of 

10^6  cm-^  which  corresponds  to  10^ 

solved  atoms  per  defect.  From  (1)  one 

.  p  o 

obtains  on  >  c  x  10  cm  as  an 

estimate  for  the  minimum  capture  cross 

section  of  the  centres  necessary  for 


producing  the  contrast.  So, 
cm  or  even  much  more 


necessary  lor 

,  6n>  io-^ 


cnr  or  even  much  more  would  be 
required  •  for  typical  contrasts  of  c>0.1 
i.e.  6n  hardly  expected  for  simple  metalli 
impurities.  Instead,  we  suggest  positive 
space  charges  to  exist  around  the 
defects  which  support  electron  capture 
and  increase  the  apparent  cross  section 
of  the  defect.  Maybe  oxygen-related 
precipitates  segregating  at  secondary 
crystal  defects  contribute  in  p-type 
silicon  to  these  space  charges  similar 
to  the  OP  investigated  in  /5/. 
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sample 

Wright 

etching 

EBIC 

calculated 
using  (2)  and  (3 ) 

"OP  , 
(cm  ^  ) 

"SF  , 
(em"3  ) 

"E  , 
(cm  ^  ) 

°max 

lB 

(/um) 

lDZ 
(  /um) 

hi 

(/um) 

lB 

(/um) 

A 

1010 

6x1 09 

3x109 

0.3 

5.5 

30 

11 

6.3 

B 

109 

108 

2x10® 

0.3 

14 

3.0 

20 

20 

Nflp,  Ngg  ...  densities  of  OP  and  SF,  respectively,  determined  by  Wright  etching 

Ng  =  (l^R)-^  (1^.6/um)~^  ...  density  of  EBIC  contrasts  at  E0  =  30  keV 

Lpjr  ...  diffusion  length  in  the  DZ  determined  by  the  method  given  in  /2/. 


Useful  information  for  answering  these 
questions  is  expected  from  analytical 
electron  microscopy. 


3 .  INFLUENCE  OF  DIFFUSION-LENGTH  DEPTH 
PROFILE  ON  DEVICE  PROPERTIES 


For  substrate-based  devices  the 
leakage  current  j^  of  p-n  or  field- 
induced  junctions  at  device  operation 
temperature  T0  is  dominated  by  its 
diffusion  component  /4,  11/. 

So,  the  bulk  recombination  properties 
may  be  important  for  device  operation, 
e.g.  the  refresh  behaviour  of  memory 
devices.  The  diffusion  current  density 
jd  is  given  by 


3d  — 


N  LS$ 


(4) 


with  q  being  the  elementary  charge,  nj 
the  intrinsic  carrier  concentration,  D 
the  minority  carrier  diffusivity,  N  the 
dopant  concentration,  Lg  the  diffusion 
length  at  the  surface,  and  <jj  <  1  a 
correction  function  depending  on  the 
diffusion  length  profile  L(z)  /II/. 
Lg  $  may  be  interpreted  as  effective 
diffusion  length  L*  at  the  surface  and 
is  easily  obtained  by  EBIC  measurements 
/II,  2/.  Typically,  Lg  is  in  the  10 

% 

/im  range  for  IG  wafers  /II/. Using  Lg 
(Tr)  measured  at  room  temperature  Tp, 
it  is  possible  to  estimate  the  leakage 
current  jj/T0)  at  T0  /II/. 

The  relationship  between  L(z)  and 
latch-up  Immunity  is  discussed  in  /3/. 
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1.  INTRODUCTION 

The  feature  sis*  of  integrated  circuits  are 
continuosly  scaled  downwards.  This  opens  ra- 
quirenents  of  new  materials  as  well  as  new  pro¬ 
cess  technologies.  For  metallisation  in  VLSI, 
materials  hawing  low  resistivity,  low  contact 
resistance  end  high  electromigration  resistance 
are  of  interest.  Additional  materials  require¬ 
ments  are  that  they  are  easily  etched  and  can 
act  as  diffusion  as  well  as  etching  harriers. 

With  the  use  of  shallower  juctions  unwanted 
dopant  diffusion  and  redistribution  become  more 
critical.  Hence  there  is  a  need  of  low- tempera¬ 
ture  deposition  technologies.  For  the  inter¬ 
connect  metallisation,  an  excellent  step  cover¬ 
age,  reducing  electromigration  effects,  is  re¬ 
quired.  Finally,  with  the  decreased  alignement 
tolerance  of  the  successive  mask  levels,  self- 
allgnlng  deposition  technologies  are  attractive 

For  VLSI  applications  the  refractory  metals 
(in  particular  V,  Mo  and  Tl)  as  wall  as  their 
disilicides  are  of  interest.  The  CVD  technique 
is  known  to  yield  excellent  step  coverage  and 
conformality,  good  uniformity,  high  purity  of 
the  films  deposited,  end  the  possibility  to 
selective  deposition.  The  attractive  metalli¬ 
sation  properties  of  tungsten  and  the  rapid 
progress  In  selective  tungsten  CVD  (a  self- 
allgnlng  technique)  focus  this  paper  to  CVD  of 
tungsten.  Selective  deposition  of  tungsten  is 
regarded  to  be  a  highly  useful  technique  in  the 
vary  large  seel*  and  ultrelarg*  scale  IC  fabri¬ 
cation  (1,2).  Tungsten  has  been  proposed  to  be 


used  in  for  instance  Schottky  diode  barriers 

(3) ,  current  shunts  (1,4),  diffusion  barriers 

(4)  ,  contact  and  via  fill  for  planarity  (5) . 

This  paper  consists  of  two  parts: 

i)  A  general  introduction  to  CVD  with  emphasis 
to  trends  in  the  design  of  CVD  reactors  and 
to  optimization  of  the  throwing  power  of  a 
CVD  process. 

11)  Tungsten  CVD  on  silicon  and  disilicides, 
respectively,  including  process  modeling, 
mechanisms,  interfacial  reactions,  and 
finally  the  relationship  between  electrical 
characteristics  and  deposition  conditions. 
Space  limitations  preclude  presenting  details. 
For  details  the  reader  is  referred  to  the  refer¬ 
ences  given. 

2.  CHEMICAL  VAPOR  DEPOSITION 
2.1.  CVD  reactors 

In  CVD  a  solid  material  is  obtained  by  a  che¬ 
mical  reaction  between  gaseous  reactants.  Reac¬ 
tions  in  the  vapor  as  well  as  on  a  substrate 
surface  may  be  combined  to  yield  the  deposited 
material.  Two  main  reactor  types  can  be 
distinguished: 

In  the  hot  wall  reactor  the  reactor  tube  is 
surrounded  by  a  tub*  furnace.  This  means  that 
the  substrates  and  the  wall  of  the  reactor  have 
the  same  temperature.  In  this  reactor  type,  many 
wafers  can  be  coated  in  the  same  run.  But  be¬ 
cause  of  the  high  temperature  of  the  reactor 
walls,  the  deposition  occurs  not  only  on  the 
substrates  but  also  on  the  reactor  walls.  This 
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may  result  In  a  depletion  of  the  vapor  with 
respect  to  the  reactants  -  changes  in  the  depo¬ 
sition  rates  -  whan  the  reactants  are  transport¬ 
ed  through  the  reactor.  There  is  also  a  risk  of 
Introducing  contaminants  in  the  system  from 
chemical  reactions  between  the  reactor  wall  and 
the  vapor.  Other  contaminants  nay  be  particles, 
which  have  loosed  from  the  reactor  wall. 


FIGURE  1 

Hot  wall  reactor 

In  the  cold  wall  reactor  the  substrates  have 
a  higher  temperature  than  the  reactor  wall, 
which  means  that  the  d  position  occurs  only  on 
the  substrates.  The  risk  of  contamination,  ori¬ 
ginating  from  an  interaction  between  the  reactor 
wall  and  the  vapor,  is  considerably  reduced  in 
this  reactor  type.  However  due  to  the  steep  tem¬ 
perature  gradient  around  tha  substrates  severe 
natural  convection  can  arise.  Finally  the 
depletion  of  the  vapor  with  respect  to  tha 
reactants  is  normally  less  in  a  cold  wall 
reactor  than  in  a  hot  wall  reactor. 


O  O  O  O  O 


Induction  coil 


FIGURE  2 

Cold  wall  reactor 


In  the  processing  of  devices  with  geometries 
below  2  pm,  particle  contamination  may  be  a 
factor,  controlling  the  device  yields.  In  the 
hot  wall  reactor,  deposition  also  occurs  on  the 
inside  of  the  reactor  walls.  With  increasing 
thickness  of  the  deposit,  tha  contamination  riak 
from  particles,  loosing  from  the  reactor 
walls,  are  apparent.  Hence  there  is  a  trend  (at 
present)  to  prefer  cold  wall  reactors  in  pro¬ 
cesses  not  controlled  by  homogeneous  reactions 
in  the  vapor.  For  further  contamination  control 
as  well  as  reduced  process  time,  loadlock 
capabilities  may  be  used.  Finally,  CVS  systems 
dedicated,  for  only  one  process ,  can  be  con¬ 
structed  in  materials  compatible  with  an  etching 
gas  for  cleaning  of  the  chamber. 

2.2.  Rate-limiting  steps 

In  CVS  the  substrates  are  immersed  in  a  gas 
stream,  resulting  in  the  development  of  so 
called  boundary  layers.  The  boundary  layers  are 
defined  as  the  region  near  the  substrate  surface 
where  the  gas  stream  velocity  (velocity  boundary 
layer) ,  the  concentration  of  the  different  vapor 
species  (concentration  boundary  layer)  and  the 
temperature  (thermal  bounday  layer)  are  not 
equal  to  those  in  the  main  gas  stream. 

In  a  CVS  process  various  sequential  reaction 
steps  occur.  Each  of  these  steps  may  be  rate-li¬ 
miting  in  the  absence  of  thermodynamic  limita¬ 
tions.  Plausible  rate-limiting  steps  in  a 
CVD-process  are  listed  below  (6-9): 

a)  Transport  of  the  gaseous  reactants  to  the 
boundary  layer  surrounding  the  substrate 
(free  and  forced  convection) . 

b)  Transport  of  the  gaseous  reactants  across  the 
boundary  layer  to  the  surface  of  the  sub¬ 
strata  (diffusion  and  convection  flows). 

c)  Homogeneous  reactions  in  the  vapor  during  the 
transport  to  tha  substrate  surface. 

d)  Adsorption  of  the  reactants  on  the  surface  of 
the  substrate. 

a)  Chemical  reactions  (surface  reactions) 
between  adsorbed  reactants  or  between 
adsorbed  reactants  and  reactants  in  the  vapor. 


f)  HuclMtiotv. 

g)  Desorption  of  soma  of  ths  rssctlon  products 
from  ths  snrfscs  of  Cits  substrata . 

h>  transport  of  ths  reaction  products  across  ths 
boundary  Layer  to  the  bulk  gas  mixture . 

1)  Transport  of  the  react Ion  products  away  from 
the  boundary  Layer. 

In  each  of  those  stops  soworaL  processes  may 

proceed  simultaneously . 


FIGURE  3 

The  sequential  steps  in  CVD. 

Ewan  though  several  rate-limiting  steps  can 
be  Identified  In  a  CVD  process,  only  four  main 
categories  of  control  are  normally  discussed: 
i)  Thermodynamic  control:  Thermodynamic  control 
means  that  the  deposition  rate  is  equal  to 
the  mass  input  rate  into  the  reactor 
(corrected  for  the  yield  of  the  process). 
This  occurs  at  extreme  deposition  condi¬ 
tions  (low  gas  flow  rates,  high  tempe¬ 
ratures  ,  . . . ) .  The  temperature  dependence 
of  the  deposition  rate  is  obtained  from 
thermodynamic  calculations . 

11)  Surface  kinetic*  control:  If  the  deposition 
rate  is  lower  than  the  mass  input  rate  into 
the  reactor  as  well  as  the  mass  transport 
rate  In  the  vapor  to  or  from  the  substrata 
surface,  a  surface  kinetics  control  er 
nudeation  control  exist, 
ill)  Mass  transport  control:  A  process  nay  also 
be  controlled  by  the  mass  transport  in  the 
vapor  to  or  from  the  substrata  surface. 

This  occurs  frequently  at  high  pressures 
and  high  temperatures  and  when  very 
instable  compounds  are  used  as  reactants. 


iv)  kucleetion  control:  At  Low  supersatura- 

tlon  the  deposition  rets  may  be  controlled 
by  the  nudeation. 


The  four  types  of  control  as  defined  above  are 
those  normally  discussed.  However  recent  in¬ 
vestigations  indicate  (see  for  instance  refs. 
/LO.LL/)  that  also  homogeneous  reactions  In  the 
vapor  play  an  important  role  in  CVD  and  that 
they  may  control  the  deposition  rate.  So  in 
addition  to  the  four  controls  given  above  homo¬ 
geneous  reaction  control  should  be  Introduced. 

2.3.  Experimental  conditions  for  maximum  in 
step  coverage 

With  increasing  aspect  ratios  in  the  geo¬ 
metries  fabricated,  experimental  conditions  for 
maximum  step  coverage,  conformality  and  uni¬ 
formity  have  to  be  determined.  This  maximum 
occurs  at  surface  kinetics  control,  which  may  be 
achieved  in  different  ways: 

1)  By  increasing  the  gas  flow  velocity.  The 

deposition  rate  at  surface  kinetics  control 
is  given  by  the  limit  value. 

o>  I  Surface  kinetics  control  I 


/Mass  transport 
control 

■Thermodynamic  control 


Gas  flow  velocity 


FIGURE  4 


Influence  of  gas  flow  velocity  on  the  control  of 
a  CVD  process 

li)  By  decreasing  the  temperature  and/or 
decreasing  the  total  pressure.  For  an 
endothermic  CVD  process  the  surface 
kinetically  controlled  region  is  cha¬ 
racterised  by  a  high  activation  energy, 
while  the  mass  transport  controlled  region 
has  a  much  lower  activation  energy.  As  can 
be  seen  from  the  figure  below,  the  surface 
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klMCletll;  controlled  region  la  expanded 
at  lower  total  preseurei ,  which  ia  due  to  a 
higher  diffuslvlty  of  the  molecules  in  the 
vapor  at  lower  total  pressures. 


Influence  of  temperature  on  the  control  of  a  CVS 
proceaa 

iii)  By  increaalng  the  themocheatical  stability 
of  the  reactanta  uaed  In  the  proceaa.  By 
using  S1C14  inatead  of  S1U4  in  ailicon  CVD. 
the  surface  kinetics  controls  the  deposi¬ 
tion  rate  at  higher  tenparatures . 


FIGURE  6 


Influence  of  the  theraochanlcel  stability  of  the 
source  Molecules  on  the  control  of  a  CVD  proceaa 

In  conclusion  for  a  particular  gaa  alxtura 
maximum  in  atep  coverage  can  be  expected  at  low 
total  pressures,  low  temperatures  and  high  gas 
flow  velocities. 

3.  TBHCSTXN  CVD  OH  SILICON  AND  DISILICIDES 
In  CVD  of  tungsten,  OT#  and  Ha  are  used  as 
reactants.  In  the  selective  tungsten  deposition 


process  on  silicon  (see  fig.  7),  two  main  reac¬ 
tion  steps  can  then  be  distinguished: 

i)  In  the  first  step  elenental  silicon  will  act 
as  the  predominating  reducing  agent.  This 
results  in  tungsten  deposition  on  those 
substrata  regions  where  elesental  silicon  is 
exposed  to  the  vapor. 

ii)  In  the  second  step  another  reducing  egent, 
hydrogen,  has  to  take  over,  since  the 
tungsten'  f lln  obtained  in  the  first  step, 
separates  the  elemental  silicon  from  the 
vapor. 


STEP  I 


3Si(s)  ♦  2WF6(g)  —2W(s)  ♦  3SiFA(g) 


,W 


Si02 

/ 

Si02 

7777777 

7777777 

TZM^mMZZL 


STEP  11 

3H2(g)  ♦  WFg(g) — *W(s)  ♦  6HF(g) 


7ZZZZlizzzzuzZZZZZl 

FIGURE  7 

The  different  process  steps  in  selective 
tungsten  CVD 

Before  discussing  details  of  the  two  process 
steps,  a  general  discussion  of  selective  tung¬ 
sten  deposition,  based  on  thermodynamics,  will 
be  given. 

3.1.  Thermodynamic  analysis  of  selective 
tungsten  deposition 

Thermodynamics  can  be  used  as  a  guide  for 
prediction  of  trends  in  selectivity  when  the 
deposition  conditions  are  changed.  It  can  also 
be  used  to  identify  plausible  (and  undesired) 
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•id*  react  ton*  u  mil  a*  gaseous  selectivity 
modifiers  (12).  the  tr alula  la  selectivity  In  tit* 
two  process  stapa  tkoald  ba  analysed  fro* 
different  calculated  the  rmoc haul  cal  par  ana  tare, 
for  step  ana,  calculated  driving  fore*  value* 
for  tit*  reactions  totMM  eleuental  silicon  end 
the  vapor  and  driving  fore*  values  for  reactions 
batvaan  silicon  dioxide  and  tha  vapor,  respect¬ 
ively  should  ba  used.  In  tha  following  son*  re¬ 
sult*  fro*  theruocheaical  investigations  of 
selective  tungatan  dapoaition  era  ■iianirlsad. 
fra*  energy  uininisation  technique  was  used  in 
tha  calculations  and  about  100  different  sub¬ 
stances  war*  included  in  the  calculations,  for 
details,  tha  reader  is  referred  to  raf.  (13). 

Table  1.  Calculated  driving  fore*  (kJ/nol 

reaction  gas  uixtura)  for  tha  reaction 
batvaan  silicon  and  the  vapor,  AC (81) 
and  tha  reaction  batvaan  silicon 
dioxide  and  the  vapor.  A0(8i0,), 
raapactivaly. 


H,/W, 

T/°C 

f/torr 

AO(Si) 

AG(S10,) 

39 

300 

0.1 

-19.5 

-7.4 

39 

300 

0.1 

-20.1 

-9.4 

39 

300 

1.0 

-19.3 

-7.2 

39 

300 

1.0 

•19.9 

•8.9 

Examples  of  calculated  driving  fore*  values 
era  given  in  table  1.  As  can  ba  seen  a  such 
higher  driving  forca  is  obtained  for  the 
81/vapor  reaction  than  for  tha  810,/vapor 
reaction.  This  indicates  a  preference  for 
deposition  of  tungsten  to  allicon  substrata 
areas.  Banc a  a  salf -aligned  process  has  baan 
obtained.  The  vapor  spades  foruad  at  tha 
21/vapor  reaction  la  shown  in  figure  I. 

Vlth  tha  formation  of  silicon  fluorldas  silicon 
has  baan  atchad.  Tor  stolchicnatrlc  reasons,  a 
tungsten  layer  of  100  i  will  consuaa  about  200  1 
silicon,  fro*  table  1  it  can  also  ba  deduced 
that  a  low  tanparatura,  a  high  total  pressure 
and  a  high  H,/SF,  nolar  ratio  should  favor 
•elective  growth  in  tha  first  step,  finally.  In 
tha  8 10, /vapor  reaction  tungsten  oxides  and 
different  gaseous  substances  nay  ba  formed. 


500  700  900  1100 
Temperature/K 


FIGURE  8 

Partial  pressures  of  tha  vapor  spades  foruad  in 

the  reaction  batvaan  silicon  and  tungstan 
hexaf luorlda .  Total  pressure  -  0.1  kfa  (13). 

Tha  thermodynamic  analysis  of  step  ona 
indicated  tha  risk  of  tungstan  oxide  formation. 
Thus  tha  selectivity  in  step  two  should  be 
analysed  fro*  the  assumption  of  formation  of 
tugnsten  oxides,  l.e.,  the  results  from  such  an 
analysis  indicates  the  possibility  to  maintain 
selectivity  even  if  tungsten  oxides  have 
nucleated  on  the  silicon  dioxide.  Calculated 
chemical  potentials  for  homogeneous  equilibrium 
in  the  vapor  (no  solid  substance  present) , 
equilibrium  between  the  vapor  and  the  silicon 
and  equilibrium  between  tha  silicon  dioxide  and 
the  vapor,  respectively  for  various  temperatures 
are  shown  in  figure  9.  Tha  driving  force  for 
tungsten  deposition  in  the  "silicon  window"  or 
the  driving  force  for  tungstan  oxide  formation 
is  given  by  the  separation  of  the  "homogeneous" 
curve  and  the  curves  for  deposition  in  the 
"silicon  window"  and  deposition  on  the  tungsten 
oxidas.  As  can  b*  seen  fro*  the  diagram, 
selectivity  to  the  silicon  window  is  favored  by 
a  higher  temperature.  Similar  analysis  for  other 
total  pressures  and  vapor  compositions  indicate 
that  selective  deposition  to  the  silicon  window 
is  favored  by  a  low  total  pressure  and  a  high 
Hj/VT,  molar  ratio. 


-400 


300  500  700 

Temperature/°C 

FIGURE  9 

Chemical  potential  of  tungsten  in  the  vapor,  /», 
Minus  a  reference  potential,  n° ,  at  different 
temperatures .  Hj/WF.-AO.  total  pressure  -0.1 
torr  (12). 

Defining  a  selectivity  number  as  the  driving 
force  for  the  reaction  between  the  material  in 
the  silicon  window  devlded  by  the  driving  force 
for  the  reaction  between  the  "silicon  dioxide" 
region  end  the  vapor,  a  useful  parameter  for 
discussion  of  selectivity  has  been  obtained.  A 
selectivity  number  larger  than  one  Indicates 
preference  for  deposition  to  the  silicon  window. 
As  an  example,  the  influence  of  temperature  on 
the  selectivity  number  is  shown  in  figure  10. 


300  500  700 

Temperature/  °C 

FIGURE  10 

Calculated  selectivity  number  as  a  function  of 
temperature  for  two  different  H2-WF,  gas 
mixtures  (It  VF,  and  20%  WF, ,  respectively). 
Total  pressure:  0.1  torr  (12). 


These  modifiers  influence  in  particular  the 
homogeneous  reactions  in  the  vapor.  For  Improve¬ 
ment  of  the  selectivity  in  tungsten  CVD,  a 
stronger  reducing  agent  than  hydrogen  should  be 
added  to  the  Ha/VFt  gas  mixture.  An  example  of 
such  an  agent  is  S1H4 .  However,  addition  of  B1H4 
to  the  actual  gas  mixture  may  cause  slllclde 
deposition.  From  the  calculated  CVD  phase  dia¬ 
gram  (see  fig.  11)  it  can  be  seen,  that  relatively 
large  concentrations  of  SiH4  is  required  for 
slllclde  growth.  Thus  SiH4  may  be  a  useful 
selectivity  modifier. 


0.25  0.50  0.75 

nSiHA/<nSiHA*"WF6> 

FIGURE  11 

Calculated  CVD  phase  diagram  for  the  system  tf-Sl 
H2/tfF4  -  39,  total  pressure  -  0.1  torr.  (12). 

Calculated  selectivity  number  as  a  function 
of  SiH4  concentration  in  the  vapor  is  shown  in 
figure  12.  A  drastic  change  in  the  selectivity 
number,  with  expected  improvement  in  selecti¬ 
vity,  is  obtained  at  a  particular  S1H4  concen¬ 
tration.  The  selectivity  is  improved  by  a  factor 
of  about  10  (12).  This  change  in  the  selectivity 
is  mainly  due  to  the  opening  of  a  new  reaction 
channel  in  the  vapor  at  a  particular  SiH4 
concentration . 


For  optimisation  of  selectivity  in  general  in 
deposition  processes,  gaseous  selectivity  modi¬ 
fiers  can  be  added  to  the  reaction  gas  mixture. 


352 


FIGURE  12 

Calculated  selectivity  number  a*  a  function  of 
S1B4  concentration.  Temperature  -  300  °C,  total 
pressure  -  0.1  torr.  H2/VF,  -  39  (12). 

3.2.  Tungaten  CVD;  Frocesa  aspects  and 
Mterlala  properties 
Selective  deposition  proceaaea,  baaed  on 
vapor/aolld  lnterfaclal  reactions,  are  highly 
sensitive  to  the  surface  conditions  of  the  whole 
substrate  aurfaca.  In  selective  tungsten  depo¬ 
sition,  silicon  as  veil  as  the  adjacent  silicon 
dioxide  should  be  properly  prepared.  An  oxide 
with  a  low  defect  and  lapurlty  content  in  con- 
bination  with  silicon,  free  fron  contaainatlon 
and  native  oxide,  creates  good  selectivity. 
3.2.1.  Silicon  reduction  of  H7( 

The  initial  stage  in  tungsten  CVS  was  con¬ 
trolled  by  the  silicon  reduction.  A  self-llxlt- 
ing  growth  process,  due  to  separation  of  the 
silicon  fron  the  vapor,  was  obtained.  The  thick¬ 
ness  of  the  tungsten  layer  after  the  self -limit¬ 
ing  reaction  is  affected  by  the  cleaning  proce¬ 
dure  prior  to  the  deposition  and  the  residual 
native  oxide  thickness,  total  pressure,  deposi¬ 
tion  temperature  and  the  doping  of  the  silicon 
(14,13).  For  standard  deposition  conditions 
(300°C,  Ha/BFl-40;  total  pressure  0.5  torr)  and 
a  native  oxide  thickness  lass  than  10  k,  the 
thickness  of  the  tungsten  layer  is  about  100  k. 
Busts  and  Tang  (14)  have  reported  an  increase  in 
the  tungsten  layer  thickness  with  increeslng 


native  oxide  thickness  up  to  about  20  k.  For  a 
thicker  native  oxide,  the  thickness  of  the 
tungsten  layer  decreases  drastically  (see  fig. 

13). 
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FIGURE  13 

Tungsten  film  thickness  as  a  function  of  the 
native  oxide  film  thickness.  Data  from  ref.  (14)  . 

The  initial  reaction  consumed  silicon.  This 
results  also  in  a  lateral  growth  of  tungsten 
under  S102.  It  haa  been  shown,  however,  that 
this  lateral  growth  can  be  conalderabel  with  an 
encroachment  of  tungsten  under  S102,  yielding  a 
source  of  junction  leakage  currents.  This  effect 
is  probably  due  to  the  variation  in  the  thick¬ 
ness  of  the  native  oxide  across  the  silicon 
window.  Near  the  S102  sidewalls  a  thicker  oxide 
can  be  expected.  According  to  the  discussion  in 
the  paragraph  above,  an  increased  consumption  of 
silicon,  yielding  tungsten  encroachment,  can  be 
expected  at  thicker  native  oxides.  By  a  low  VF, 
partial  pressure,  this  encroachment  can  be 
eliminated  (16). 

Formation  of  tunnels  (—100  k  in  diameter) 
has  bean  observed  by  several  investigators  (see 
for  Instance  ref.  17).  They  may  be  initiated  at 
surface  sites,  where  tungsten  aggregates, 
particles,  are  generated.  These  particles  nay 
act  as  a  getter  for  atomic  fluorine,  supporting 
local  etching  of  silicon.  The  tunnels  can  ba 
avoided  by  a  proper  choice  of  deposition 
conditions  (IB). 


I 
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3.3.1.  Hydrogen  reduction  of  OT, 

Sm  second  ittp  la  th*  ultetlft  tungsten 
deposition  ia  baa  ad  on  tha  face  chat  growth  of  a 
material  can  ba  aalntalnad  ac  a  low  cupprsatura- 
tlon,  while  hataroganaoua  nuclaatloa  rtqvlraa  a 
higher  supersaturatloo .  Thla  means  that  foe  low 
super saturation,  growth  oa  already  deposited 
aatarlal  will  occur  aad  no  nuclei  will  ba  formed 
outside  tha  region  of  tha  depoalted  aatarlal 
(for  Inatanca  on  the  oxide) .  In  tungaten  CVD,  a 
low  auperaatruration  meant  a  few  per  cant  VI, .  By 
uelng  a  low  supersaturation  tungaten  layera  with 
thlekneaaea  up  to  1  pa  have  been  grown  select - 
Ively  (19).  Defects  In  tha  oxide  aa  well  aa 
contaminant a  will  degrade  the  aelectivity. 

3.2.3.  Kinetlca  and  nachanlaaa 
The  Initial  reaction  la  vary  faat  aad  within 
a  few  aeeonda  the  aelf-llalting  reaction  is 
coaplated.  The  deposition  rate  la  auch  lower  In 
step  two  than  in  step  one.  Typical  growth  rates 
are  shown  in  figure  14.  As  can  ba  seen,  aa 
increase  In  the  temperature  from  300  to  3S0°C 
increases  tha  deposition  rate  In  step  two 
roughly  with  a  factor  of  three. 
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rxoou  14 

Tungaten  film  thickness  as  a  function  of  the 
deposition  time.  H,/Sf,-13,  total  pressure  0.S 
torr ,  total  flow  -  17000  cm* /min.  Data  from  ref. 
(20). 


In  step  one.  the  deposition  mechanism  is  a 
displacement  reaction,  for  step  two  It  has  been 
observed  that  the  deposition  rate  is  Independent 
of  the  VI,  partial  pressure  but  dependent  on  the 
H]  partial  pressure  (square  root  dependence). 

The  Influence  of  the  H,  partial  pressure  on  the 
deposition  rate  Indicates  that  the  dissociation 
of  the  H2  molecules  may  be  rate-limiting  (20). 
Tha  Kf  formed  during  the  process  decreases  the 
deposition  rate.  This  can  be  explained  In  tens 
of  a  Langnuir-Hlnschelwood  mechanism  (21).  A 
large  HF  concentration  In  the  vapor,  which  Is 
obtained  at  large  tungsten  areas  exposed  to  the 
vapor,  slows  down  the  deposition  rate  consider¬ 
ably  and  degrades  the  selectivity  (21). 

3.2.4.  Materials  characterisation 

Two  polymorphs  of  tungsten  exist:  a- tungsten 
end  0-tungsten.  0-tungsten  is  stabilised  by 
small  amounts  of  oxygen  and  fluorine.  0-tungsten 
has  a  resistivity  about  an  order  of  magnitude 
higher  than  o-tungsten.  a-  as  well  as  0-tungsten 
has  been  observed  at  tungsten  CVD  on  silicon. 

0- tungsten  Is  formed  at  thicker  native  oxide 
layers  (-20A)  (14).  Ho  slllclde  formation  has 
been  observed. 

films  of  a-tungsten  are  free  from  texture 
(22).  The  grain  slse  seems  to  be  Independent  of 
the  deposition  temperature  but  dependent  on  film 
thickness  (see  fig.  15).  Tha  oxygen  concentra¬ 
tion  is  Influenced  by  the  deposition  temperature 
as  well  as  the  film  thickness.  At  a  film  thick¬ 
ness  of  200  nm,  tha  oxygen  concentration  Is 
about  0.02  and  0.07  at.%  at  300  and  400°c, 
respectively.  The  oxygen  is  segregated  to  the 
grain  boundaries.  In  contradiction  to  the  oxygen 
concentration,  the  fluorine  concentration  In  the 
films  decreases  with  Increasing  temperature  (at 
400»C  -0.03  at.%  f)  (23). 

The  tungsten  films  exhibit  tensile  stresses. 
These  stresses  are  Influenced  by  the  film  thick¬ 
ness.  for  thin  films,  stresses  up  to  1.3-1010 
dyn/cna  have  been  observed.  A  minimum  In  stress 
is  obtained  at  a  film  thickness  of  about  500  1. 
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Film  thickness /nm 


FIGURE  15 


Grain  size  as  a  function  of  tungsten  film 
thickness.  Data  froa  ref.  (23). 


FIGURE  17 


For  thicker  films  the  stress  increases  gradually 
and  is  about  >-10*  dyn/cn2  for  a  thickness  of 
2000  A  (22). 


Film  thickness/nm 

FIGURE  16 

Film  stress  as  a  function  of  tungsten  fila 
thickness.  Data  froa  ref.  (22). 

3.2.5.  Electrical  characterisation 

The  resistivity  of  CVD  tungsten  films  is 
shorn  in  figure  17.  The  resistivity  Increases 
drastically  for  film  thicknesses  less  than  500 
1.  In  thicker  filas  resistivity  values  close  the 
bulk  value  (5.3  pO-ca)  is  obtained.  The  thick¬ 
ness  dependence  of  the  resistivity  can  be  ex¬ 
plained  in  terms  of  scattering  by  grain  bound¬ 
aries,  and  impurities  (23). 


Film  resistivity  vs.  fila  thickness.  Data  froa 
ref.  (22) . 

3.2.6.  Tungsten  CVD  on  dislllcldes 

The  tunnel  formation  in  the  silicon  as  veil 
as  the  tungsten  encroachment  underneath  the 
silicon  dioxide  may  cause  reliability  probleas. 
Deposition  conditions  for  eliainat lon/reduct ion 
of  these  probleas  have  been  discussed  above.  An 
alternative  metallization  scheme  nay  use  an 
Interlayer  in  between  tungsten  and  silicon.  The 
tungsten  is  then  used  as  a  diffusion  barrier 
and/or  a  filling  material. 

Use  of  interlayers  nay  be  associated  to  a  new 
set  of  probleas.  In  this  section,  a  general  in¬ 
troduction  to  three  aajor  probleas  at  CVD  of 
tungsten  froa  Ha/VF,  on  interlayer  aaterials 
will  be  given.  Since  dislllcldes  are  of  parti¬ 
cular  interest,  they  will  be  used  as  examples. 


Native  oxide  Periphery 
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FIGURE  IS 


Froblea  areas  when  using  interlayer  technique 
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The  three  major  problem*  in  the  following 
(ih  fig.  IS): 

-  31m  chemical  composition  of  the  oxldt, 
covering  the  sillcid* . 

-  tha  difference  In  chanlcal  reactivity  baewaan 
tha  alaaants  composing  tha  a 111c Ida, 

-  tha  raactlon  between  a 11 Icon  and  tha  vapor  at 
tha  periphery  of  tha  contact  hole. 

TISij  la  used  to  lllnatrata  tha  flrat  two 
problems,  whlla  uaa  of  CoSl2  llluatrataa  tha 
third  problaa. 

Tha  aurfaca  oxide  on  T18i2  contains  both  Ti 
and  SI.  Ho  chanlcal  atch  for  ranoval  of  this 
oxide  exist.  With  an  HF  dip  for  lnstanca,  Si  is 
prafarantially  atchad  and  a  nora  Ti  rich  aurfaca 
oxide  is  obtained.  Thus  at  tungstan  CVS,  tha 
T1812  substrata  exposes  an  ozlda  to  tha  vapor. 
This  ozlda  raaets  with  tha  H2/HF(  vapor.  At  a 
low  taaparatura,  solid  TlFa  la  formad.  Tha  ra- 
nalnlng  ozlda  bacoaas  than  nora  Si  rich.  For  a 
higher  taaparatura.  Si  In  tha  S102  la  atchad 
away  and  a  nora  TI  rich  ozlda  together  with 
tungstan  ozldaa  can  be  expected  to  be  fornad 
(24). 

Since  tha  native  ozlda  on  T1S12  var lea  in 
thlcknaas  and  has  dafacts,  it  will  be  panatratad 
hara  and  thara  with  a  subsequent  raactlon 
batwaan  T1S12  and  tha  vapor.  At  this  raactlon 
dlffarant  raactlon  products  nay  ba  fornad.  Fron 
tha  calculatad  CVD  phase  dlagrans  (sas  fig.  19) 
It  can  ba  saan,  that  solid  TiF,  nay  ba  fornad  at 
a  low  taaparatura  (500  X).  Silicon  In  ?1S12  is 
also  atchad  prafarantially  at  hightr  Ha/VF, 
nolar  ratios  and  lowar  total  prsssurss, 
resulting  In  tha  fornatlon  of  T1S1. 

Fron  tha  brlaf  discussion  of  tha  lntar facial 
reactions  batwaan  T18ia  and  tha  Ha/tfF,  vapor, 
the  following  can  ba  concluded:  Due  to  tha 
non-unlforn  penetration  of  tha  surface  ozlda  on 
T1812 ,  a  rough  interface  batwaan  tungstan  and 
T1S12  can  ba  azpaetad.  This  Interface  contains 
oxygen  (fron  unreacted  surface  ozlda)  and  solid 
Tl?a.  This  has  also  bean  verified  experlnentally 


(24,25).  Tha  fornatlon  of  T1F(  results  In  poor 
adhesion  and  high  contact  resistance. 
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FIGURE  19 


Solid  phases  In  equilibrium  with  T1S12  (excess 
of  T1S12  assumed  in  the  calculations) : 

I  -  TIFj  +  W  +  Si,  II  -  T1FS  If,  III  -  T1S1  +  11 
a)  500X.  b)  5 5 OK  (24). 


Tungsten  can  be  deposited  selectively  on 
CoSl3  in  a  surface  catalysed  reaction  (26) .  In 
tha  periphery  of  the  contact,  however,  a  reac¬ 
tion  between  silicon  and  the  H2/VF6  vapor 
occurs,  l.e.  CoSl2  doesn't  separate  the  silicon 
fron  tha  vapor  effectively.  This  reaction 
results  In  the  fornatlon  of  voids  at  the  S102/S1 
Interface  as  well  as  encroachment  of  tungstan 
underneath  tha  S102  (26) . 

Tha  fornatlon  of  T1F,  In  tha  TlSla/tf  Inter¬ 
face  caused  poor  adhesion  and  high  contact 
resistance.  Voids  and  tungsten  encroachment  In 
the  Sl/Si02  Interface  are  obtained  in 
self -aligned  CoSl2  contact  structures.  A  low 
contact  resistance  have  been  reported  for 
V/MoSla  and  V/TaSl,  Interfaces  (5,  27). 


4.  CONCLUDING  REMARKS 
CVD  Is  an  attractive  technique  for  VLSI 
processing,  since  hlgh-purity  films  of  good 
uniformity  and  step  covaraga  can  ba  grown.  Tha 
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wlietlTi  deposition  possibilities  irt  of 
highest  Interest  whan  the  feature  slsa  of 
Integrated  circuits  is  reduced. 

Selective  deposition  processes  era  sensitive 
to  the  cleaning  as  well  as  the  defects  of  the 
substrate  aster lei.  Hence  proper  substrate 
pretreataent  procedures  have  to  be  developed. 

Selective  OVD  processes  are  based  on  differ¬ 
ences  In  Interfacial  cheat* try  between  different 
substrata  areas.  These  differences  nay  be  favor¬ 
ably  enhanced  by  a  proper  change  In  the  composi¬ 
tion  of  the  vapor,  the  deposition  temperature  or 
by  the  total  pressure. 

Tungsten  CVD  has  many  advantages  in  VLSI  pro¬ 
cessing  and  will  certainly  be  applied  in  some 
process  steps.  The  present  problems  of  this 
process  (tunnel  formation,  tungsten  encroachment 
In  the  Sl/S102  interface)  limits  its  use  today 
to  multilevel  via  fill  and  Interconnect/diffu¬ 
sion  barrier  plug. 

For  elimination/reduction  of  undealred  inter¬ 
facial  reactions  between  the  H2/HF,  vapor  and 
the  substrata,  yielding  high  contact  resistance, 
poor  adhesion,  voids,  ...  the  interlayer  tech¬ 
nique  is  promising.  The  different  process  steps 
(preparation  of  interlayer,  substrate  pretreet- 
mant,  tungsten  CVD)  should  be  combined  and 
designed  for  optimum  In  adhesion,  electrical 
characteristics  and  reliability. 
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The  problems  In  scaling  down  of  modern  advanced  polyslllcon  self- 
aligned  transistors  are  briefly  discussed.  Then,  a  novel  self- 
aligned  technology  Is  proposed  to  solve  the  problems.  The  newly 
developed  BSA  (  BSG  S^el  f-Al  1  gned  )  technology  is  featured  by  the 
use  of  C VD -BSG  film  as  a~s1dewa11  spacer  as  well  as  a  diffusion 
source  to  form  both  Intrinsic  base  and  p  -connectl ng  regions, 
si mul taneousely.  The  fabricated  transistor  having  40nm  deep 
emitter-base  junction  and  sub-lOOnm  collector-base  junction  shows 
70  of  hpE  and  7V  of  BVCE0,  respectively. 


1.  Introduction 

It  Is  well  known  that  the  recent 
progress  In  high  speed  performance  of 
SI  bipolar  transistors  has  been  mainly 
achieved  by  the  use  of  modern  advanced 
polyslllcon  self-aligned  technologies 
C 1 ] ,[2 ].  Using  these  technologies,  the 
transistor  dimension  has  been  scaled 
down  to  an  ultimately  small  size,  and 
the  drastic  reduction  of  the  parastlc 
capacitance  and  resistance  has  been 
performed . 

For  further  progress.  It  is  indis¬ 
pensable  to  form  very  shallow  base 
region  to  achieve  higher  fj  value.  But, 
conventional  Ion  implantation  method 
faces  two  problems  in  reducing  the  base 
junction  depth.  The  first  has  to  do 
with  the  fact  that  It  Is  quite  diffi¬ 
cult  to  obtain  sub-200nm  deep  base 
junction  because  of  the  secondary  chan¬ 
neling  effect  of  boron  Ions  even  at 
very  low  acceleration  energy.  The 
second  problem  has  to  do  with  the  fact 
that  It  becomes  Impossible  to  anneal 
out  the  lattice  defects  formed  by  Ion 
Implantation  at  a  higher  dose  range. 

In  addition.  It  Is  not  possible  to 
solve  the  Inherent  problem  of  the 
advanced  self-aligned  transistor  like 
SST[1],  relating  to  the  p+-connect1 ng 
region  between  emitter  and  extrinsic 
base  regions. 


2.  BSA  process 

The  main  process  steps  In  fabri¬ 
cating  the  BSA  transistor  are  schemati¬ 
cally  shown  in  Fig.  1. 

(a)  The  emitter  window  was  opened  in 
the  S 1 02 / P+ - pol y s 1 1 1  con  stacked 
layer  deposited  on  the  oxide 
Isolated  epitaxial  layer.  After  the 
drive-in  process  to  form  the  extrin¬ 
sic  base  region,  BSG  film  was  depo¬ 
sited  on  the  entire  surface. 

(b)  Rapid  thermal  annealing  (RTA)  was 
performed  to  form  the  sub-lOOnm  deep 
Intrinsic  base  region. 

(c)  The  BSG  film  was  directionally 
etched  using  reactive  Ion  etching 
technique . 

(d)  The  extremely  shallow  emitter  was 
formed  by  arsenic  diffusion  from 
heavily  Ion- 1  mpl anted  polysi 1  Icon 
using  RTA  again.  In  this  step,  in¬ 
trinsic  base  and  the  connecting 
regions  received  RTA  treatment  once 
more.  But,  the  boron  profile  was 
given  approxi mately  by  Gaussian 
distribution  In  the  Intrinsic  base 
region,  and  by  complementary  error 
function.  In  the  connecting  region 
respectl vely . 

As  the  result,  the  optimization  of  the 
boron  profiles  In  both  regions  was 
successfuly  performed  by  controlling 
the  boron  doping  concentration  In  the 
BSG  film  and  RTA  conditions. 
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3.  Result  and  Discussion 

Fig.  2  shows  the  boron  profiles 
formed  by  the  BSA  technology,  and  low 
energy  ion-inplantation  method  for  com¬ 
parison.  in  the  Ion-implantation  case, 
the  tailing  charachteri sties  was  clealy 
observed  and  the  junction  depth  at 
1016cm~3  concentration  was  about  220nm. 
But,  in  the  BSA  case,  extremely  shallow 
profile  was  achieved,  60nm  to  120nm,  by 
changing  RTA  time,  lOsec  to  60sec 
at  1000’C. 

F<g.  3  shows  the  hFE  and  BVCE0  of 
the  fabricated  BSA  transistor  as  a 
function  of  boron  concentration  in  the 
BSG  film.  RTA  was  carried  out  at  a 
condition  of  1000*C-10sec  for  both  the 
base  and  emitter  regions.  At  the  boron 
concentration  of  4mol%  in  the  BSG  film, 
BSA  transistor  showed  70  of  hFE  and  7V 
of  BVCE0,  respectively.  No  Interfacial 
films  between  the  emitter  polysilicon 
and  epitaxial  layer  was  used  In  this 
experiment.  Although  the  base  width  of 
the  transistor  was  about  40nm,  good  DC 
charachteri stl cs  were  obtained  due  to 
the  high  doping  concentration  of  boron. 
The  lattice  defects  In  the  base  region 
have  been  usually  observed  in  such  a 
high  doping  condition  as  1019cm“3  In 
the  case  of  1  on- 1 mpl antati on  method. 
But,  In  the  case  of  this  BSA  tech¬ 
nology,  no  lattice  defect  was  observed, 
and  the  "piping"  failure  was  not 
observed . 

Recently,  several  new  approaches 
have  been  reported  to  form  such  a 
shallow  base  [3],  it  Is  not  possible  to 
solve  the  desl gn  problems  relating  to 
the  p+-connecting  region.  One  solution 
for  the  problems  has  been  shown  by 
using  LDD  MOSFET-Ilke  process 
technology  [4].  However,  It  Is  not 
applicable  to  the  SST  type  transistors. 
In  addition,  the  defect  generating 
process  condition  cannot  be  avoided  In 
Ion-implantation  method.  Therefore,  the 
potential  of  the  LDO  MOSSFET-Hke 
process  seems  to  be  small  for  the 
future  scaled  bipolar  devices. 


4.  Summary 

A  novel  self-aligned  technology,  BSA 
technology,  has  been  developed  to  solve 
the  severe  problems  of  future  scaled 
bipolar  transistors.  Using  this  tech¬ 
nology,  the  advanced  self-aligned 
transistor  having  sub-lOOnm  base 
junction  has  been  successfully 
fabricated. 
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1.  INTRODUCTION 

In  contrast  to  MOS  devices,  the  intrinsic 
spaed  of  high  performance  bipolar  transistors 
is  limited  by  vertical  dimensions,  mainly  of 
tfcs  bate  and  emitter  regions.  Therefore,  des¬ 
pite  the  importance  of  lateral  scaling  and 
self -alignment  techniques  for  reduction  of 
parasitic  elements,  vertical  scaling  of  dopant 
profiles  remains  a  key  issue  for  improvement 
of  bipolar  device  performance.  Based  on  expe¬ 
rimental  results  and  on  device  simulation, 
this  paper  discusses  present  status  and  pos¬ 
sible  limitations  for  vertical  scaling  of  npn 
transistors  with  polysilicon  emitters. 

2.  POLYSILICON  EMITTERS 

Polycrystalline  silicon  is  now  widely  used 
in  bipolar  technology  as  means  of  making  con¬ 
tact  to  the  emitter  and  base  of  the  transis¬ 
tor.  To  minimize  oxide  contamination  for  the 
critical  eod.tter  contact  usually  a  HF-dip  etch 
is  performed  prior  to  inserting  the  sample  in¬ 
to  the  polysilicon  deposition  system. 

At  low  and  intermediate  current  levels  the 
polysilicon  contact  does  not  affect  collector 
current  but  reduces  base  current,  which  is, 
however,  also  influenced  by  transport  effects 
in  the  monocrystalline  part  of  the  esiitter.  To 
extract  quantitative  information  of  the  poly¬ 
silicon  contact  the  hole  current  reaching  the 
poly/mono-Si  interface 
j„  -  qS  (P„  -  P„0) 

is  described  by  the  effective  recombination 
velocity  S  1 1,21.  We  have  analyzed  measured 
base  currents  by  solving  the  transport  equa¬ 
tions  in  the  mono  crystalline  part  of  the 
emitter  with  the  device  simulator  MEDUSA  / 3/ 
for  different  boundary  conditions  S.  Fig.  1 
shows  calculated  and  measured  base  currents  as 
a  function  of  emitter  junction  depth.  In  the 
case  of  the  sietal  contacted  emitter  (S  »«o) 
the  base  current  increases  with  decreasing 
junction  depth  indicating  that  the  emitter 
becoates  more  and  more  transparent  to  hole 
transport.  In  contrast  the  'ideal*  poly-Si 
contact  (S  -  0)  imposes  that  recombination 

only  occurs  in  the  mono  crystalline  part  of 
the  emitter  resulting  in  the  low  base  currents 
at  saiall  esiitter  junction  depths.  The  inter- 
mediate  curve  (S  -  7*10*  cm/ sec)  is  obtained 
for  a  poly-emitter  contact  given  an  HF-dip  as 
interface  treatsiant.  For  this  type  of  device 
ths  bass  current  it  nearly  Independent  on 
eaUtter  junction  depth. 

Surface  recombination  velocity  and  thus  Iso 
depends  on  interface  treatment  as  well  as  on 
annealing  temperature.  We  have  fabricated  de¬ 
vices  annealed  at  various  temperatures  (8S0*C 


-  950°C)  and  times.  To  siinimize  oxide  contami- 
nation  of  the  poly/siono-Si  interface  all  devi¬ 
ces  were  given  an  HF-dip  as  an  interface 
treatment.  The  base  saturation  currents  and 
specific  emitter-resistances  are  shown  in 
fig.  2  as  a  function  of  XjB.  Although  a  sig¬ 
nificant  reduction  in  S  and  thus  IBO  is  found 
by  low  temperature  processing  (and  thus  low 
x1B)  this  direction  of  progress  is  limited  by 
a  corresponding  increase  in  emitter  resis¬ 
tance.  These  results  can  be  correlated  with 
HXTBi-micrographs  of  the  interface.  At  low 
annealing  temperatures  a  continuous  inter¬ 
facial  oxide  layer  with  a  thickness  varying 
from  8  A  to  12  A  is  found.  At  higher  annealing 
temperature  a  break  up  of  the  interfacial 
oxide  layer  occurs. 

The  increase  of  emitter  resistance  at  very 
shallow  emitter  junctions  can  be  circumvented 
by  rapid  optical  annealing  (ROA) .  ROA  is  more 
effective  in  breaking  up  interfacial  oxide 
layers  resulting  in  emitter  resistances  of 
about  30  Opm*  at  emitter  junction  depths  of 
about  SO  nm  / A / . 

The  larger  current  gain  and  esiitter  resis¬ 
tance  that  occurs  in  the  case  of  a  continuous 
oxide  film  can  be  explained  in  terms  of  tunne¬ 
ling  /5, 6/ .  The  larger  bandgap  of  the  insula¬ 
ting  film  forms  a  barrier  both  to  electrons 
and  holes.  Assuming  an  effective  barrier 
height  of  E»  -0.3  eV,  S  can  be  calculated  as 
a  function  of  oxide  layer  thickness.  The  re¬ 
sults  are  shown  in  fig.  3  with  and  without  an 
additionally  assusied  recombination  at  surface 
traps.  In  the  case  of  continuous  interfacial 
oxide  layers  the  tunneling  siodel  fits  the 
'experimental*  results  -  as  obtained  from 
measured  base  currents  and  HXTEM-studies  - 
quite  well. 

3.  BASE  CHARGE  CONTROL 

A  major  driving  force  for  scaling  down 
emitter  depths,  of  course,  is  the  goal  to 
achieve  extremely  narrow  base  widths  WB.  Se¬ 
veral  problems  are  encountered  with  conventio¬ 
nal  boron  ion  implantation  if  WB  values  below 
approximately  200  nm  are  desired.  Due  to  the 
strong  channeling  effect  for  boron  ions, 
either  very  low  implantation  energies  (<10 
keV)  have  to  be  chosen  or  a  thick  screen  oxide 
(>100  nm)  has  to  be  used  for  the  active  base 
implant.  In  either  case  control  of  base  charge 
(and  thus  current  gain)  is  extremely  diffi¬ 
cult,  essentially  because  the  peak  of  the 
boron  distribution  list  very  close  to  or  even 
above  the  silicon  surface.  Base  charge,  there¬ 
fore,  it  highly  sensitive  to  variations  in 
emitter  junction  depth. 
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As  can  be  seen  from  fig.  4,  achieving 
WB-120  nm  and  requiring  xiB  to  be  not  larger 
than  the  peak  boron  penetration  depth  xp 
(without  screen  oxide)  would  already  lead  to 
xim  as  low  as  30  run. 

New  methods  for  active  base  doping  have  to 
be  investigated  therefore.  A  very  attractive 
one  is  double  diffusion  of  boron  and  arsenic 
out  of  the  emitter  poly-Si  layer,  because  in 
this  case  the  reference  plane  for  both  diffu¬ 
sion  profiles  is  the  same  poly-Si/mono-Si  in¬ 
terface.  Unfortunately,  both  diffusions  can 
not  be  performed  within  a  single  heat  cycle, 
because  boron  is  nearly  immobile  in  the  pre¬ 
sence  of  high  concentrations  of  arsenic 
(fig.  Sa).  First  diffusing  boron  out  of  the 
poly-Si,  then  implanting  and  diffusing  arsenic 
yields  very  narrow  base  widths  (fig.  Sb)  and 
has  already  resultel  in  very  high  f*  devices 
/ 7 / .  However,  base  charge  control  again  is 
very  difficult  because  the  slope  of  the  boron 
profile  at  xjm  is  very  high.  This  sets  extre¬ 
mely  stringent  requirements  for  temperature 
control  of  the  two  diffusion  steps  and  for 
poly /mono- inter face  homogeneity. 

Preamorphization  of  the  single  crystal  si¬ 
licon  with,  e.g.,  a  germanium  implant  before 
implanting  the  active  base  can  be  used  to 
avoid  boron  channeling.  The  problem  with  this 
method,  of  course,  is  defect  generation.  This 
issue  is  therefore  presently  investigated  in 
detail.  Preliminary  results  show  in  agreement 
with  IB, 9 1  that  for  amorphization  depths  of  50 
nm  and  below  perfect  annealing  of  the  Implant 
damage  should  be  possible. 

4.  TRANSIT  TIME  CONSIDERATIONS 

One  of  the  most  important  factors  deter¬ 
mining  speed  of  bipolar  circuits  is  the  tran¬ 
sit  time  t„,  which  in  first  order  calculations 
is  proportional  to  WB*.  To  take  into  account 
second  order  effects  like  carrier  mobility  and 
electrical  field  in  the  base,  we  have  deter¬ 
mined  t w  for  various  base  doping  profiles  nu¬ 
merically,  assuming  Gaussion  distributions 
both  for  emitter  and  base  profile.  Carrier 
distributions  were  calculated  using  the  pro¬ 
gram  MEDUSA,  then  the  carrier  densities  were 
integrated  over  the  whole  transistor  for  dif¬ 
ferent  applied  voltages,  diffusion  charges 
were  extracted,  and  tw  -  dQaxcc/dIa  was 
calculated. 

As  expected,  ir  decreases  more  than  linear¬ 
ly  with  decreasing  WB  (fig.  6).  On  the  other 
hand,  if  one  increases  the  doping  concentra¬ 
tion  NA  in  order  to  achieve  a  low  base  sheet 
resistance  Rvuoi,,  rP  increases.  This  effect 
ie  due  to  the  concentration  dependent  mobility 
in  the  base  and  to  charge  storage  in  the 
emitter. 

There  are  some  constraints  in  choosing  the 
optimum  base  width  WB  and  base  doping  NA  with 
respect  to  transit  time  tp.  First,  reducing  WB 
keeping  K*.  constant  leads  to  an  increasing 

Iplnoh . 

It  can  be  shown,  that  for  emitter  stripe 
widths  as  small  as  0.5  |ua  the  logic  gate  delay 
degradation  due  to  increasing  base  pinch  re¬ 
sistance  is  small  compared  to  the  gain  due  to 
transit  time  reduction.  However,  punch-through 
must  be  avoided  at  normal  operating  voltages. 


The  dashed  line  in  fig.  6  indicates  punch- 
through  occuring  at  UBe  -  3V  and  UBB  -  0V. 
Depending  on  NA,  this  condition  corresponds  to 
Rmmh  values  (at  UBB  -  0V)  from  about  30  kft 
to  about  60  kfi. 

A  second  constraint  in  optimizing  the  base 
doping  profile  is  demonstrated  in  fig.  7.  Here 
we  have  plotted  measured  base  current  charac¬ 
teristics  for  transistors  with  base  doping 
concentrations  NA  up  to  3«10**  cm-*.  At  con¬ 
centrations  exceeding  NA  -  cm-*  the 
base  current  is  severely  degraded  due  to 
forward  tunneling  in  the  emitter  base  junc¬ 
tion.  Taking  this  value  of  l»10x*  cm-*  as  an 
upper  limit  for  the  base  doping  concentration 
and  requiring  that  no  punch-through  occurs  at 
UBC  ■  3V,  a  transit  time  «*€  approximately  4  ps 
could  be  achieved  at  W»  -  20  nm. 

We  now  investigate  the  contribution  of 
emitter  charge  storage  to  forward  transit 
time.  In  our  first  example  we  assume  WB  -  50 
nm,  xJB  ”  40  nm,  S  -  7»10‘  cm/sec  and  ND*  ■ 
7«10**  cm-*.  The  results  for  emitter  and  base 
transit  time  are  plotted  in  fig.  8  as  a  func¬ 
tion  of  base  doping  Nx.  Due  to  the  reduction 
in  electron  mobility  base  transit  time  first 
increases  with  NA.  At  higher  base  dopings 
electron  mobility  saturates  and  the  drift  cur¬ 
rent,  caused  by  the  internal  field,  increases 
resulting  in  nearly  constant  values  of  tb.  In 
contrast  tx  increases  with  1/I0  and  at  doping 
levels  NA  >  5»10*“  cm~*  the  change  in  total 
transit  time  is  mainly  due  to  an  increase  in 
tb.  For  typical  current  gains  3  -  100  we  find 
tb  >1.7  ps  which  has  to  compared  with  a  base 
transit  time  of  2.3  ps.  In  fig.  9  tb  is  plot¬ 
ted  as  a  function  of  emitter  depth  for  various 
values  of  S  and  electrical  activation  Nu-.  The 
base  profile  (WB  -  50  nm,  NA  -  S‘101*  cm-*) 
and  impurity  gradient  of  the  emitter  was  kept 
fixed  during  the  calculations. 

From  our  results  in  figs.  8  and  9  we  con¬ 
clude  that  for  optimum  performance  of  downsca¬ 
led  transistors  minimization  of  both  tb  and  tb 
is  of  importance.  To  decrease  minority  carrier 
storage  in  the  emitter  as  far  as  possible  very 
shallow  junctions  and  a  high  electrical  acti¬ 
vation  is  needed. 

5.  CONCLUSIONS 

Improvements  in  transistor  current  gain  by 
using  polysilicon  emitters  are  limited  by  the 
detrimental  influence  of  interfacial  oxides  on 
emitter  resistance,  which  is  adequately  des¬ 
cribed  by  a  tunneling  model.  Taking  this  con¬ 
straint  into  account,  a  polysilicon  emitter 
doe 8  not  significantly  improve  current  gain 
with  respect  to  an  opaque  emitter.  It  rather 
allows  one  to  reduce  XjB  to  virtually  zero 
without  significantly  changing  (3<  thus  giving 
additional  freedom  in  process  and  device 
design. 

Using  double  diffusion  techniques  or  prea¬ 
morphization  implants,  base  widths  below  50  nm 
should  thus  be  obtainable,  although  serious 
problems  concerning  process  control  and  defect 
generation  still  have  to  be  solved.  A  lower 
limit  to  the  achievable  basewidth  is,  on  the 
other  hand,  set  by  emitter-collector  punch- 
through  and  base  doping  limitations  due  to 
tunneling. 
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from  that*  consideration* ,  a  lower  limit  of 
around  4  pa  la  expected  for  th*  forward  tran- 
ait  time  t,  of  pur*  ailicon  bipolar  transia- 
tora,  which  corraaponda  to  f*  around  40  GHz. 
Th*  contribution  of  amittar  charge  atoraga  to 
fr  bacon**  increasingly  important  for  tbaaa 
•hallow  davicaa  and  may  amount  to  about  30  X 
at  30  nm  baa*  width.  Thia  again  atraaaaa  tha 
naad  for  axtraamly  shallow,  but  highly  dopad, 
aadttara  as  provided  by  tha  polysilicon  emit- 
tar  tachnology. 

A  possibility  to  furthar  improve  intrinsic 
davica  apaad  ov*r  th*  figuraa  given  above 
would  b*  tha  ua*  of  trua  hatarojunction  emit¬ 
ters  which,  among  othar  advantage*,  totally 
alaminata  wmittar  charg*  storage. 
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Fig.  It  Baa*  saturation  currant  as  a  function 
of  amittar  junction  depth  for  diffe¬ 
rent  interface  condition*. 


of  emitter  drive  in  temperatures. 


Fig.  3:  Effective  recombination  velocities  as 
a  function  of  oxide  layer  thickness. 


Fig.  4 1  Peak  boron  penetration  depth  xp  and 
base-collector  junction  depth  x  (at 
2*10**  cm**)  obtained  from  SIMS 

Masuremants. 
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MB*.  I  •  10" 


Fig.  S:  Results  of  joint  (a)  and  successive 
(b)  diffusion  of  boron  and  arsenic 
from  a  single  poly-Si  layer. 


0  Jt  A  4  .8  UkV 

Fig.  7:  Base  current  characteristics  for  tran 
sistors  with  different  base  doping 
concentrations . 


No  =  7*1  O’ •  cm* 
No  -  2-1 cm- » 


10*  7»10* 


0  5  10  20 

Fig.  8:  Forward  transit  times  tb>  tb  and  tv  as 
a  function  of  base  doping  level  NA. 

The  base  width  (WB  -  SO  nm)  and  emit¬ 
ter  profile  (No"-  -  7*10*-*  cm 
xjm  “  40  nm,  S  -  7*10*  cm/sec)  were 
kept  fixed  during  the  calculations. 


0  100  200  XiB[nm] 

Fig.  9:  Emitter  transit  time  tb  as  a  function 
of  emitter  junction  depth  for  various 
values  of  electrical  activation  and 
surface  recombination  velocity  S. 


Fig.  6i 

Transit  time  tr  vs.  base  width  WB  for 
different  base  doping  N*..  Dashed  line: 
punch-through  at  UBO  ■  39. 


100  W.  [nm] 
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TRENCH  ISOLATION  SCHEMES  FOR  BIPOLAR  DEVICES  -  BENEFITS  AND  LIMITING  ASPECTS 
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1015,  Kaaikodanaka,  Nakahara,  Kawasaki,  211,  Japan 


This  paper  gives  a  review  of  benefits  and  limiting  aspects  in  trench  isolation 
techniques  for  bipolar  devices.  The  most  sophisticated  trench  isolation  tech¬ 
niques  have  realized  not  only  higher  packing  densities  but  reduced  collector- 
substrate,  wiring-substrate  and  base-collector  parasitic  capacitances.  By  using 
these  techniques,  high  performance  bipolar  devices  have  been  fabricated  while 
crystal  defects  caused  by  trench  structures  are  the  serious  problem.  Trench 
isolaltion  techniques  are  still  in  progress,  and  it  seems  now  that  there  is  no 
apparent  limiting  aspect  until  the  trench  width  reaches  the  filler  material 
width  to  sustain  enough  breakdown  voltage. 


1.  INTRODUCTION 

Since  the  first  application  of  trench  isola¬ 
tion  to  1Kb  ECL  RAMs  in  1982  [l],  a  lot  of  bi¬ 
polar  devices  have  been  fabricated  by  various 
kinds  of  trench  isolation  techniques.  In  the 
case  of  bipolar  devices,  some  trench  isolation 
techniques  have  been  used  in  volume  production 
since  the  early  stage  of  the  development, 
though  trench  isolation  in  MOS  devices  is  in 
just  experimental  trials.  This  is  partly  be¬ 
cause  isolation  in  bipolar  devices  plays  more 
important  role  in  their  performances  than  MOS 
devices . 

In  the  following  sections,  process  technolo¬ 


gies,  device  structures,  benefits  and  limiting 
aspects  in  trench  isolation  for  bipolar  devices 
will  be  discussed. 

2.  PROCESS  TECHNOLOGIES  AND  DEVICE  STRUCTURES 
Trench  isolation  was  first  disclosed  in  1978 
[2],  and  its  application  to  devices  appeared  in 
early  1980's  [1],  [3].  These  trench  isolation 
techniques  consisted  of  three  process  steps; 
trench  etching,  trench  filling  and  planariza¬ 
tion.  The  typical  structure  of  narrow,  deep 
trenches  for  isolation  is  achieved  by  aniso¬ 
tropic  plasma  etching  such  as  RIE.  After 
trenches  are  etched,  their  surfaces  should  be 
covered  by  insulators  in  order  to  accomplish 


Figure  1  Typical  trench  isolated  structures.  (a)DGI  [2],  (b)IOP-II  [1],  (c)U-Iso  [3] 
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electrical  isolation.  Thermal  oxide  is  commonly 
used  to  coat  the  trench  surfaces.  Then  trenches 
are  filled  with  dielectric  materials  such  as 
CVD  oxide,  nitride,  undoped  polysilicon  and  so 
on.  Hot  only  trench  etching  but  this  filling 
and  following  planarization  steps  are  critical 
because  unless  the  trenches  are  completely 
filled  with  these  dielectric  materials,  the 
voids  in  trenches  cause  sharp  crevasses  in  iso¬ 
lation  regions.  Uniform  planarizing  techniques 
are  strongly  required  to  attain  planar  sur¬ 
faces,  otherwise  sharp  steps  occur  at  the 
trench  edges.  These  crevasses  and  uneven  steps 
make  metallization  step  coverage  unfavorable. 
For  planarizing,  controlled  etch-back  tech¬ 
niques  or  polishing  techniques  are  used.  Figure 
1  shows  three  typical  trench  isolated  struc¬ 
tures  which  may  be  called  the  first  generation. 

After  the  first  generation,  some  structural 
modifications  for  trench  isolation  followed. 
These  modifications  were  mainly  focused  on  the 
reduction  of  wiring-substrate  or  base-collector 
parasitic  capacitances.  In  the  case  of  previous 
structures,  only  the  isolation  regions  were  re¬ 
duced,  and  other  inactive  regions  such  as  field 


regions  for  wiring  were  left  without  any  thick 
insulator.  Base  regions  were  not  optimally  iso¬ 
lated  from  collector  reach-through  regions, 
either.  By  combining  LOCOS  or  shallow  moats  or 
trenches  with  deep  trenches,  these  disadvan¬ 
tages  of  the  first  generation  have  been  over¬ 
come.  Figure  2  shows  those  modified  trench  iso¬ 
lated  structures.  Figure  2  (a)  is  an  example  of 
CVD  oxide-filled  trenches  combined  with  ROX 
(Recessed  Oxide)  [4],  and  Figure  2  (b)  shows 
the  dual-depth  trenches  filled  with  oxide, 
nitride  and  undoped  polysilicon  [5].  Shallower 
trenches  are  used  for  SBD-base  or  base-collec¬ 
tor  isolation.  Figure  2  (c)  is  a  U-FOX  (U- 
groove  isolation  with  thick  Field  OXide;  re¬ 
named  from  10P-L  [6])  structure.  In  the  case  of 
U-FOX,  LOCOS  step  is  performed  prior  to  the 
trench  isolation  step,  and  a  planar  surface  is 
achieved.  Figure  2  (d)  shows  deep  trenches  and 
shallow  moats  filled  with  oxide  [7].  By  opti¬ 
mizing  the  distance  between  deep  trenches  in 
shallow  moats,  void  formation  is  elaborately 
eliminated.  Figure  2  (e)  is  a  modification  of 
Figure  2  (a)  [8].  CVD  oxide  is  replaced  by  se- 
lective-epi-silicon  to  avoid  voids  in  trenches 


Iasi  Emittar  Callactar 


E  B 


(k)  Poiy-S< 


E  C 

V  r\r**  I*1* 


Figure  2  Modified  trench  isolated  structures, 
(a)  [4],  (b)  [5],  (c)  [6],  (d)  [7],  (e)  [8] 
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Table  1  Bipolar  devices  using  trench  isolation  techniques  (excluding  ring  oscillators) 


Laboratory 

Device 

Performance 

Process 

Reference 

1Kb  ECL  RAM 

Taa-4 . 4ns 

— 

I  Em  1982 

4Kb  ECL  RAM 

Taa-3 . 5ns 

ISSCC  1983 

16Kb  ECL  RAM 

Taa«15ns 

ISSCC  1983 

Fujitsu 

64Kb  ECL  RAM 

Taa* 10ns 

> IOP-II ;  (*) 

ISSCC  1985 

16Kb  ECL  RAM  & 

Taa-2 . 8ns  & 

ISSCC  1986 

1.2K  Gate  Array 

Tpd-280ps 

64Kb  ECL  RAM 

Taa=5ns 

J 

ISSCC  1987 

Prescaler 

Ft  -1.6GHz 

U-FOX;  LOCOS  A  IOP-II 

I EDM  1984 

Hitachi 

4Kb  ECL  RAM 

Taa=2.5ns 

>  U-groove;  (**) 

VLSI  Symp.  1984 

16Kb  ECL  RAM 

Taa=3.5ns 

I 

[ 

ISSCC  1986 

NEC 

16Kb  ECL  RAM 

Taa=4ns 

Trench;  (no  detail) 

ISSCC  1986 

NTT 

ECL  5K  G.A. 

Tpd-165ps 

SST  6  Trench;  (*) 

32Kb  RAM 

Taa-3ns 

Polysilicon-filled  Trench 

ISSCC  1986 

IBM 

5Kb  ECL  RAM 

Taa«1.0ns 

ROX  4  Selective-epi-silicon 

ICSSDM,  Tokyo  1986 

-filled  Trench 

32b  Processor 

Tc  =60ns 

Deep  Trench;  (no  detail) 

ISSCC  1986 

AMD 

128Kb  PROM 

Taa-35ns 

IMOX-III-Slot ;  (*) 

ISSCC  1986 

Fairchild 

16x4  Reg.  File 

Taa=0.9ns 

SAPT;  (*) 

ISSCC  1986 

Honeywell 

PLA 

Tpd  x  power 

ADB-III;  (Trench  filled 

VLSI  DESIGN 

=26fJ 

with  oxide) 

Jan.  1985 

Taa;  address  access  time  Tpd;  basic  gate  delay  Ft;  toggle  frequency  Tc;  cycle  time 
(*)  ;  Trench  filled  with  oxide  and  polysilicon 

(**);  Dual-depth  trench  filled  with  oxide,  nitride  and  polysilicon 


and  to  omit  the  planarizing  step. 

3.  BENEFITS  AM)  APPLICATION  TO  DEVICES 

The  sophisticated  trench  isolation  tech¬ 
niques  have  following  advantages. 

1)  Higher  packing  densities  than  c< —  ^.itional 
oxide  isolation. 

2)  Reduction  of  collector-substrate  parasitic 
capacitances. 

3)  By  combining  LOCOS  or  shallow  trenches  or 
moats,  reduction  of  wiring-substrate  and 
base-collector  parasitic  capacitances. 
Accordingly,  high  performance  bipolar  de¬ 
vices  have  been  demonstrated  by  using  them. 
Table  1  shows  the  list  of  integrated  circuits 
except  ring  oscillators  made  by  trench  isola¬ 
tion  techniques  reported  to  date.  In  1983  only 
two  devices  were  reported  at  ISSCC,  while  in 
1986  there  were  seven  devices  of  not  only  memo¬ 


ries  but  logic  and  microprocessors. 

4.  PROBLEMS  AND  LIMITING  ASPECTS 

Trench  isolation  is  now  getting  essential 
for  bipolar  devices  and  several  companies  are 
manufacturing  devices  in  volume  production.  But 
we  cannot  say  that  trench  isolation  is  matured 
to  its  perfect  status.  Some  problems  are  still 
left  unsolved.  These  problems  are  mainly  di¬ 
vided  into  two  categories.  One  is  the  structur¬ 
al  problems,  and  the  other  is  the  electrical 
characteristics  ones.  They  are  often  strongly 
related  and  the  former  is  apt  to  influence  the 
latter.  If  the  trench  etching  process  is  not 
optimized,  the  trench  shapes  change  variously. 
When  the  trench  sidewall  becomes  barrel-like 
shape  or  an  overhanged  structure,  the  filling 
material  cannot  be  filled  inside  the  trenches 
completely.  After  the  controlled  etch-back 


371 


process,  voids  appear  in  the  isolation  regions. 
These  cause  the  unfavorable  metallization  step 
coverage.  Lateral  etching  of  highly  doped  bur¬ 
ied  layers,  silicon  needles  called  black  sili¬ 
con  and  trenching  at  bottom  edges  also  make 
trench  shapes  maladapted.  When  the  surface  of 
these  trenches  is  oxidized,  strong  stresses  oc¬ 
cur  at  the  sharp  curved  edges  and  cause  crystal 
defects  such  as  dislocation.  They  are  often 
major  reasons  of  electrical  leakage.  The  most 
serious  problem  is  how  to  get  rid  of  the  crys¬ 
tal  defects.  They  seem  to  be  strongly  related 
to  concentrated  stresses,  but  the  mechanism  is 
not  yet  clear  although  some  process  modifica¬ 
tions  have  been  tried  [9],  [10]. 

Even  if  there  are  some  problems  mentioned 
above,  trench  isolation  techniques  are  in  pro¬ 
gress,  and  it  seems  there  is  no  limiting  aspect 
in  the  future.  At  present,  trench  widths  are 
limited  by  lithographic  systems,  not  by  other 
factors  such  as  etching  or  deposition.  However, 
the  widths  cannot  be  reduced  less  than  the 
coating  or  filler  material  widths.  So,  the 
thickness  of  insulator  needed  for  satisfied 
electrical  isolation  limits  the  trench  width. 
Air  isolation  is  the  ultimate  goal  of  trench 
isolation  [ 11  ] .  But  before  reaching  there, 
other  process  obstacles  such  as  metallization 
reliability  should  be  removed  and  they  are  the 
limiting  factors  for  scaling  down. 

5.  CONCLUSION 

Trench  isolation  is  now  one  of  the  key  tech¬ 
nologies  in  high  performance  bipolar  devices. 

It  realizes  higher  packing  densities  and  re¬ 
duced  collector-substrate  capacitances.  It  also 
reduces  wiring-substrate  and  base-collector 
capacitances  with  process  modifications. 

Trench  isolation,  as  well  as  so  called  so¬ 
phisticated  self-aligned  structures  such  as  SST 
or  SICOS,  is  leading  the  bipolar  technology 
towards  the  ultra  large  scale  and  high  perform¬ 
ance  integrated  circuits. 
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This  paper  describes  a  new  process  technology,  which  is  called  SCOT  :  salicide 
(self-aligned  silicide)  base  contact  technology,  and  applied  for  realizing  high 
performance  prescaler  IC  and  high  gate  density  masterslice  LSI.  The  main  feature 
of  this  process,  for  reduction  of  the  base  resistance  and  capacitance,  is  a 
silicidation  of  the  base  contact  which  is  opened  by  employing  self-alignment 
technology.  A  1/128,  1/129  two-modulus  prescaler  IC  constructed  of  the  1.5  ^m 
SOOT  transistors  has  been  improved  to  a  high  operation  of  2.1  GHz  at  56-mW  power 
dissipation.  An  ECL  18K-gate  masterslice  has  been  developed  by  a  variable  size 
cell  (VSC)  approach,  employing  the  SCOT  process. 


1.  INTRODUCTION 

The  two-modulus  prescaler  ICs  used  for 
automobile  telephones  and  satellite 
communication  receivers  have  been  required  not 
only  to  operate  at  a  high  frequency  such  as 
about  the  GHz  band  but  also  to  operate  with  the 
low  power  dissipation.  The  1.6-GHz  63-mW  Si 
prescaler  IC  (1)  and  1.8-GHz  46-mW  GaAs 
prescaler  IC  (2)  have  been  reported.  In  order  co 
enhance  the  performance  of  the  prescaler  ICs,  it 
is  important  to  set  up  an  optimum  transistor  for 
the  high  frequency  operate  at  the  low  power 
dissipation.  A  new  proposed  transistor  was 
realized  with  the  base  contact  of  a  salicide 
structure  which  was  made  by  silicidation  of 
poly-Si  and  silicon  surface  simultaneously  in 
the  same  way  as  MOS  technology  (3).  Using  this 
salicide  base  contact  technology  (SCOT)  process 
(4),  the  transistor  characteristics  were 
improved  and  then  the  high  performance  of  two- 
modulus  prescaler  ICs  was  obtained. 

For  high  speed  data  processing  systems  such 
as  computer  mainframes,  the  ECL  masterslice  LSIs 
have  been  required  to  increase  the  integration 
degree  as  well  as  the  operating  speed.  Several 
types  of  ECL  masterslices  (5), (6)  have  been 


developed  as  suitable  to  these  requirements. 
A  relatively  large  number  of  the  nonutilized 
elements,  however,  remain  in  these  masterslices. 
A  variable  size  cell  (VSC)  approach  (7)  employing 
the  SOOT  process  is  proposed  to  reduce  the 
nonutilized  transistors  and  resistors. 

* 

2.  PROCESS  AND  TRANSISTOR  DESIGN 

Fig.1  (A)  illustrates  the  top  view  of  SCOT 
transistor  and  Fig.2  shows  the  key  step  in  the 
process  sequence.  The  isolation  of  SCOT 
transistor  comprised  the  full-recessed  oxide  and 
the  semi-recessed  ood.de  surrounded  on  the  base 
area,  as  shown  in  Fig.2  (A),  the  P+  poly-Si  layer 
was  formed  on  the  base  edge  exteded  over  the 


FIGURE  1 

Schematic  layout  of  a  SCOT  transistor  and  ISAC 
transistor. 
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the  isolation  cod.de  and  the  poly-Si  resistor  was 
fabricated  simultaneously.  After  the  base 
formation,  the  emitter  region  was  produced  by 
the  diffusion  from  the  implanted  N*  poly-Si. 
The  cod.de  on  the  base  oontact  and  P+  poly-Si  was 
etched  away  by  using  the  photo-resist  mask  of 
emitter  poly-Si  etching  as  shown  in  Fig.2(C). 
The  thick  oxide  was  selectively  grown  over  the 
heavily  arsenic  doped  emitter  poly-Si.  Therfore, 
the  oxide  covering  the  emitter  poly-Si  remained 
after  removing  the  thin  oxide  on  the  base 
contact  and  P+  poly-Si,  and  separated  the  base 
oontact  from  the  N*  poly-Si.  The  Pt-silicide  was 
fanned  both  on  the  epi-surface  and  P+  poly-Si  of 
base  contact,  as  shown  in  Fig.2(D).  The  base 
electrode  was  fabricated  with  both  the  silicide 
of  self-align  opened  base  contact  and  the 
polycide,  and  then  this  can  be  called  a  salicide 
base  contact.  Opening  the  contact  windows  and 
Al-metallization  completed  the  processing  of 
SOOT  transistor,  as  shown  in  Fig.2(E). 

As  a  result  of  the  gate  speed  analysis  of  the 
transistor  characteristics  (4),  the  important 
parameters  for  high  speed  performance  are  not 
only  the  cuttoff  frequency  fT,  the  collector- 
base  capacitance  G^,  but  also  the  base  series 
resistance  r0  .  It  was  learned  by  the  following 


FIGURE  2 

Fabrication  procedure  of  SOOT  transistor. 


comparison  with  the  coventioral  ISAC  (8) 
transistor  shown  in  Fig. MB)  that  the  SOOT 
transistor  has  realized  the  optimum  transistor 
design  with  reduction  of  these  characteristics. 
The  rB  reduction  in  SCOT  transistor  was 
done  by  decreasing  the  distance  D  between  the 
base  contact  and  emitter  and  by  the  double  base 
structure.  The  distance  D  ,  in  the  case  of  SCOT 
transistor,  is  determined  by  the  salicide  base 
contact  structure  and  is  close  to  1  pm,  a  half 
value  of  that  in  ISAC  one.  The  base  area  in  SCOT 
transistor  is  decreased  to  about  one-half  of 
that  in  ISAC  one.  In  order  to  decrease  the  base 
area,  the  emitter  length  can  be  decreased  as  the 
goal  to  maintain  a  small  r0.  The  reduction  of 
parasitic  base  region,  furthermore,  was  achieved 
by  the  full  walled  base  structure  with  the  semi- 
recessed  oxide  and  by  the  salicide  base  contact 
structure.  The  vertical  down-scaling,  in  which 
the  emitter  depth  is  0.1  and  the  base  width 
is  0.13  ^m,  produces  the  higher  fT.  Table  1 
shows  that  a  SCOT  transistor  has  been 
synthesized  in  the  transistor  design  for  high 
performance. 

3.  GATE  SPEED  AND  PRESCALER  IC 

The  performance  of  SOOT  transistor  used  for  a 
prescaler  IC  was  improved  as  compared  with  the 
current  product  with  ISAC  process,  that  is, the 
Cj£  and  rB  decreased  to  half  value  and  fT  became 
twice  as  high,  as  shown  in  Table  1.  The  maximum 
ftp  obtained,  moreover,  is  9.5  GHz  at  Ic  =  6  mA 
by  the  SCOT  transistor  in  which  the  emitter  is 

TABLE  1 

Comparison  of  features  of  newly  developed 
prescaler  and  current  prescaler. 

New  development  Current  product 


Procan  technology 
Emitter  olio 

Emitter  depth 

SCOT 

1.5  x  3pm* 
0.1  pm 

ISAC 

1.5  x  5pm* 

0.4  pm 

Copocftonoe 

Ctc 

»  fP 

20  fF 

Ban  reeietanee 

'e 

49  A 

»2  a 

Cutoff  frequency 

fT 

4.1  0Hz 

2  2  OH  2 

Delay  time  of  Ring- 

09C. 

140  pe 

297  pe 

Mae.  operating  frequency 

2  1  0Hz 

1.1  0HI 

Power  dfeefpetlon 

56  mW 

125  mW 

2.0 


four-fingers  of  1.5  x  5  pm^. 

It  is  demonstrated  in  Fig. 3  that  the  gate 
speed  tpj  of  the  EEL  ring-oscillator  employing 
SOOT  transistor  on  same  emitter  size  (1.5  x  5 
jim^)  was  faster  than  that  of  ISAC  one, 
especially  at  the  high  current  range  by  effect 
of  reducing  rg.  The  mimimum  tpjj  achieved  116  ps 
at  gate  current  Ig  =  1 .3  mA.  Simulating  t^  in 
scaling  down  of  the  SOOT  transistor  to  1.0  ^jm 
emitter,  furthermore,  the  high  speed  can  been 
realized  at  less  than  80  ps. 

A  1/128,1/129  two-modulus  prescaler  IC  was 
fabricated  with  1.5  ^im  SCOT  transistors  and 
poly-Si  resistors.  First  level  metallization  of 
AlSi  and  polyside  cross-under  interconnection 
were  employed.  This  prescaler  IC  operated  in  a 
wide  range  from  4 00  MHz  to  2.1  GHz  with  56  mW  at 
5-V  supply  voltage.  In  Fig.4,  the  performance 
of  SOOT  prescaler  IC  was  compared  with  other 
products.  The  SOOT  prescaler  IC  had  four  times 
higher  performance  than  the  ISAC  prescaler.  This 
prescaler  IC  operated  with  the  half  power 
dissipation  of  the  reported  Si  prescaler  (1)  and 
with  the  same  one  of  the  GaAs  prescaler  (2). 
Decreasing  the  power  dissipation,  we  obtained 
1.4  GHZ  with  30  mW  and  850  MHz  with  only  19  mW. 


FIGURE  3 

Relations  between  gate  speed  and  gate  current. 


FIGURE  4 

Comparison  of  maximum  operating  frequency  and 
power  dissipation. 

4.  VSC  MASTERS LICE 

The  actual  pattern  layout  of  two-input  OR/NCR 
gate  is  shown  in  Fig.5.  In  the  case  of  the 
current  cell  approach,  a  relatively  large 
number  of  the  nonutilized  elements  ramain,  for 
example  the  macrocell  array  MCA  in  the  simple 
logic  functions.  The  VSC  concept  is  based  on  the 
design  of  an  array  which  is  constructed  from 
cellular  units.  This  VSC  construction  was  found 
to  reduce  the  nonutilized  elements. 


FIGURE  5 

Layout  pattern  of  two-input  CR/NCR  gate. 
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Fig.6  shows  a  schematic  diagram  of  SCOT 
transistor  and  polycide  interconnection  used  for 
VSC  masterslice.  To  realize  a  VSC  structure,  the 
proper  use  of  poly-Si  patterns  was  required 
during  the  slice  process.  The  resistor  value  in 
each  logic  cell  was  determined  by  the 
silicidation  of  poly-Si  pattern.  In  addition, 
unused  poly-Si  patterns  can  be  utilized  for  the 
policide  interconnection. 

An  ECL  IBK-gate  masterslice  (7)  was  developed 
by  VSC  approach  and  fabricated  by  employing  1.5 
pm  SCOT  process  with  four-level  metallization. 
The  features  of  the  VSC  masterslice  are 
summarized  in  Table  2.  The  gate  density  was 
increased  by  more  than  20  %  in  the  VSC  structure 
compared  with  the  current  cell  structures.  The 
basic  gate  delay  of  150  ps  was  attained  at  the 
power  dissipation  of  2.4  mW. 


TABLE  2 

Features  of  VSC  masterslice. 


Technology 

1.S  um  rula  SCOT 

No.  of  transistors 

39,636 

No.  of  poly-SI  roslstors 

53,243 

No.  of  units 

13,312 

Unit  else 

24  um  X  204  um 

Matal  pitch 

1  at  8  um 

2nd  S  um 

3rd  •  um 

No.  of  channolt 

1,936 

No.  of  I/O  pins 

256 

Intsrfacs 

ECL  10OK  compatible 

Intrinsic  gats  daisy 

150  ps 

Supply  voltags 

V«  :  -4.5  V 

Vtt  :  -2.0  V 

Switching  currant 

0.4  mA 

Emlttar-followar  currant 

0.3  mA/0.6  mA 

Chip  sizs 

11.90  mm  X  11.06  mm 

5.  CONCLUSION 

As  the  excellent  structure  with  reduction  of 
Gf^,  fT  and  rB  simultaneously,  the  SOOT  process 
by  employing  self -alignment  silicide  technology 
has  been  proposed.  A  two-modulus  prescaler  IC 
has  achieved  2.1 -GHz  operation  with  56-mW  power 
dissipation.  An  ECL  18K-gate  masterslice  has 
been  developed  by  a  VSC  approch  which  maximized 
the  utilization  of  elements. 
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Schematic  diagram  of  SOOT  transistor  and  poly¬ 
cide  interconnection  used  for  VSC  masterslice. 
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Different  types  of  bipolar  transistor  ealtters  are  described.  Bpltaxial  emitters  can  be 
achieved  by  solid  phase  epitaxial  regrowth  of  polysilicon  (at  T  >  B50*C)  and  recently  by 
glov  discharge  deposition  at  T  -  250®C  and  recrystalllzatlon  (at  T  «  700°C).  Wide  band 
gap  emitters  and  narrow  bandgap  bases  result  in  very  high  emitter  efficiency  which  has  to 
be  traded-off  with  eel t ter  and  base  series  resistances. 


1.  INTRODUCTION 

VLSI  bipolar  transistors  typically  have 
polysilicon  ealtters  to  achieve  high  emitter 
efficiency  and  large  packing  density.  In 
recent  years  [1,2]  it  has  becoee  clear  that 
for  optimum  performance  of  polysilicon 
emitters  in  VLSI  applications  a  trade-off  must 
be  made  between  emitter  efficiency  and  emitter 
series  resistance.  Work  at  several 
laboratories  has  indeed  clearly  shown  that  the 
emitter  Guamel  number  (GNg)  is  not  the 
appropriate  figure  of  merit  of  a  modern 
emitter-base  junction  used  in  high  speed  VLSI 
applications.  The  true  figure  of  merit 
depends  on  GNg  and  also  on  the  emitter  series 
resistance. 

In  this  paper  different  emitter-base 
structures  aiming  at  high  emitter  efficiency 
and  lov  emitter  series  resistance  will  be 
discussed.  In  a  first  part  of  the  paper  our 
work  on  epitaxial  emitters  will  be  described. 
Although  epitaxial  emitters  are  not 
heterojunctions  in  the  strict  sense  of  the 
word,  they  are  Included  here  because  epitaxy 
is  a  technology  closely  related  to 
heterojunction  processing  and  since  in  the 
short  term  these  emitter  nay  turn  out  to  be 
the  best  alternative  for  poly-emitters. 

The  second  part  of  the  paper  vlll  deal  with 
true  heterotype  emitters  starting  with  an 
overview  of  the  different  vlde-gap  emitters 
that  have  been  proposed  in  the  literature. 


Finally,  the  paper  will  end  with  a  discussion 
about  the  possibilities  of  narrov  base 
transistors. 

2.  SILICON  BIPOLAR  TRANSISTORS  WITH  EPITAXIAL 
EMITTERS 

As  pointed  out  in  the  introduction 
polysilicon  emitters  are  suffering  from  a 
trade-off  that  has  to  be  made  between  emitter 
efficiency  and  emitter  series  resistance. 
Recent  vork  [1]  has  indicated  that  high 
emitter  efficiency  only  can  be  realized  at  the 

expense  of  a  large  series  resistance.  Such  a 

2 

specific  series  resistance  Rg  (ohm. cm  )  is 
detrimental  for  high  speed  performance  if  [3): 

kT 

*B  >  ~  (!> 

J 

In  (1)  J  is  the  emitter  current  density  which 

in  advanced  bipolar  transistors  can  be  as 
5  2 

la-"*  *.'•  10  A/cm  .  Formula  (1)  predicts  that 

-7  2 

Rg  sh<- jM.d  be  lower  than  2.6  x  10  A/cm  to 
alia..  e  degradation  of  the  transconductance. 
This  is  a  very  low  value  which  is  difficult  to 
achieve  with  polys lllcon  emitters.  The 
emitter  series  resistance  of  a  polysilicon 
emitter  is  caused  by  two  components  s  an 
interface  resistance  caused  by  the  presence  of 
a  thin  Interfacial  oxide  layer  betveen  the 
poly  and  mono-silicon  and  a  true  contact 
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resistance  at  the  metal-poly  Interface.  Both 
components  are  considerably  higher  than  in  the 
case  of  mono-crystalline  silicon  emitters. 
The  first  one  does  not  exist  in  a 
monocrystalline  emitter  and  the  second  one 
strongly  depends  on  the  surface  free  carrier 
concentration.  This  latter  is  considerably 
smaller  in  the  case  of  a  poly-emitter  due  to 
carrier  trapping  and  Impurity  atom  segregation 
at  the  grain  boundaries. 

Besides  series  resistance  problems,  the 
thickness  of  the  Interfacial  oxide  layer  is 
not  easily  controlable  which  causes  serious 
yield  and  reproducibility  problems  in 
poly-emitter  structures.  The  elimination  of 
this  thin  layer  is  therefore  two  fold 
advantageous  at  the  expense  of  reduced  current 
gain. 

The  reduction  of  emitter  series  resistance, 
coupled  with  an  expected  increase  in 
reproducibility  is  the  prime  reason  for  the 
Interest  in  epitaxial  emitter  structures.  In 
addition,  due  to  the  fact  that  epitaxial 
emitters  are  deposited  doped  with  the 
appropriate  impurity  and  not  doped  by 
compensation,  a  better  emitter  efficiency  is 
expected. 

2.1.  Epitaxial  Regrowth  of  Polysilicon 

It  has  been  demonstrated  that  it  is 
possible  to  align  polysilicon  epitaxially  to 
the  underlying  single  crystalline  substrate  by 
high  temperature  furnace  annealing  or  rapid 
thermal  annealing  [4-7].  In  order  to  start 
the  alignment  process,  a  direct  contact 
betveen  the  polysilicon  layer  and  the  single 
crystalline  substrate  must,  however,  take 
place.  In  other  vords  the  native  Interfacial 
oxide,  though  very  thin,  should  be  removed. 
Figure  1  displays  a  cross  sectional  TEH 
photograph  of  a  partially  aligned  polysilicon 
film  after  a  30'  anneal  in  Argon  at  1000*C, 
and  shows  dearly  how  discontinuous  the 
Interfacial  native  oxide  layer  becomes.  This 
readily  occurs  at  annealing  temperatures  above 
950*C,  and  can  be  stimulated  by  annealing  in 


an  oxidizing  ambient  if  the  anneal  is  to  be 
performed  at  lower  temperatures  (-  850°C)  [4]. 
Proper  adjustment  of  the  annealing  time, 
temperature  and  ambient  can  lead  to  an 
epitaxial  regrowth  of  the  entire  polysilicon 
film.  Undoped,  n-type  and  p-type  polysilicon 
films  have  shown  similar  behavior  [4-6]  which 
makes  low  resistivity  epitaxial  burrled  p+ 
base  contacts  for  self  aligned  "poly  — >  epi" 
bipolar  transistors  possible. 

It  is  not  possible,  however,  to  obtain 
emitter  box-shaped  profiles  using  this  method 
because  of  impurity  redistribution  in  the 
aligned  region  as  well  as  impurity 
out-diffusion  into  the  substrate  during 
annealing. 


FIGURE  1 

Cross  sectional  TEM  photograph  showing  epi¬ 
taxial  alignment  of  polysilicon  to  the  under¬ 
lying  substrate  after  anneal  in  Argon  for  30' 
at  1000°C  (1cm  -  80  nm) . 

2.2.  Low  Temperature  Epitaxial  Growth  by 
Glow  Discharge  Deposition 
Another  very  attractive  approach  to  form  a 
low  temperature  epitaxial  emitter  has  recently 
been  proposed  by  the  authors  [8].  Under 
proper  pre-deposition  cleaning  conditions, 
heavily  doped  amorphous  silicon  films 
deposited  from  a  silane  plasma  at  250*C  on  a 
single  crystalline  silicon  substrate  vill 


378 


.  ;  *g£r  k  $***•*  • 


epitaxially  recrystallize  throughout  the  film 
after  an  annealing  at  a  temperature  of 
600-700®C  during  typically  30' .  Figure  2 
shovs  a  cross-sectional  TEH  picture  of  the 
as-deposited  amorphous  silicon  film  without 
subsequent  heat  treatments.  This  picture 
clearly  shovs  that  over  large  fractions  of  the 
interface  the  silicon  is  initially  deposited 
under  single  crystalline  form  epitaxially 
aligned  with  the  substrate.  The  thickness  of 
this  layer  depends  from  point  to  point  and  is 
typically  10  nm.  The  remaining  part  of  the 
layer  is  deposited  in  the  amorphous  state. 
The  existence  of  this  thin  epitaxially  aligned 
layer  is  probably  due  to  a  combined  effect  of 
the  presence  of  P~  ions  at  the  surface 
resulting  from  the  pre-deposition  cleaning 
step,  and  the  reducing  effect  of  the  silane 
plasma  on  the  "native"  oxide  during  growth. 
Figure  3  shovs  the  same  example  after 
annealing  at  600-700°C.  Clearly  the  entire 
n-type  layer  has  recrystallized  up  to  the 


FIGURE  2 

HRTEM  photograph  shoving  the  as-deposited  n+ 
a-Si:H/c-Si  interface.  The  deposited  Si  is 
epitaxially  aligned  to  the  substrate  over 
large  fractions  of  the  interface. 


surface;  the  presence  of  tvln  defects  can  be 

observed.  The  advantages  of  this  process  are 

the  large  throughput,  the  good  homogeneity 

over  large  areas,  the  effectiveness  of  dopant 

Introduction  and  the  lov  processing 

temperature.  Transistor  operation  with  very 

reasonable  efficiency  (emitter  Gummel  number  - 
14  -4 

10  cm  s)  has  been  obtained  (Fig.  4). 


FIGURE  3 

HRTEM  photograph  showing  the  n+  a-Si:H/c-Si 
interface  after  30'  anneal  at  700°C.  The 
entire  n+  a-Si:H  film  is  epitaxially  aligned 
to  the  substrate.  The  insert  represents  the 
microdiffraction  pattern  of  the  recrystallized 
region. 


3.  VIDE  BANDGAP  EMITTER  SILICON  BIPOLAR 

TRANSISTORS 

Vide  bandgap  silicon  bipolar  transistors 
are  heterotype  silicon  bipolar  devices  vhich 
may  allow  ultra  high  fj  (>  40  GHz)  and  room 
temperature  gate  delays  of  5  ps  [9].  These 
expectations  are  based  upon  the  following 
advantages  s  the  combination  of  a  sufficiently 
large  current  gain  vlth  a  lov  intrinsic  base 
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resistance,  the  elimination  of  emitter  stored 
charge  and  a  better  control  on  the  uniformity 
of  ultra-shallov  box- type  emitter  base 
profiles.  As  discussed  earlier  these 

advantages  should  not  be  realized  at  the 
expense  of  a  large  emitter  resistance,  causing 
a  decrease  in  transconductance  and  completely 
annihilating  the  expected  gain  in  transistor 
performance. 

At  the  moment  most  of  the  work  on  silicon 
hetero-type  devices  is  still  in  the  early 
development  stage  since  only  dc  results  are 
largely  available;  results  on  the  dynamic 
performance  of  silicon  heterojunction  devices 
arevery  limited. 

The  challenges  in  vide-gap  emitter  research 
can  be  summarized  as  follows  : 

-  to  find  a  vide-gap  material  compatible  with 
state-of-the  art  silicon  processing 

-  the  doping  efficiency  of  the  wide  gap 
material  must  be  sufficiently  large  such 
that  lov  bulk  resistivities  and  contact 
resistances  can  be  obtained. 

Unfortunately  it  turns  out  that  these  two 
requirements  are  not  easily  compatible.  The 
following  materials  have  been  investigated, 
with  variable  success,  as  vide  gap  emitter  : 

-  GaP  :  this  material  is  lattice  matched  to  Si 
but  suffers  from  interface  doping  effects; 
so  far  poor  transistor  performance  has  been 
reported  [10]. 

-  SIPOS  :  yields  excellent  GNg  but  large  Rg. 
Experiments  have  shovn  that  current  gain  is 
not  related  to  the  vide  emitter  gap  but  to 
the  presence  of  a  thin  interfacial  oxide 
layer  [11]. 

-  0-SiC  :  although  not  lattice-matched  on 

silicon  good  quality  epitaxial  grovth 

vithout  large  built-in  stress  has  been 

demonstrated]  [12].  This  material  is  very 
promising,  although  device  performance  has 
not  yet  been  reported. 

-  Amorphous  Si  (a-SiiH)  >  excellent  GNg  but 

large  Rg  <>  10-3  flcm2)  [13];  large  series 

resistance  is  caused  by  contact  rather  than 


by  the  presence  of  an  interfacial  oxide 
layer.  The  TEH  picture  of  Fig.  2 
demonstrates  the  onset  of  epitaxial 
alignment  over  a  large  fraction  of  the 
Interface  at  the  grovth  temperature  of  250*C 
in  the  plasma  CVD  reactor.  This  indicates 
that  the  large  emitter  Gummel  number  is  not 
an  interface  but  a  true  heterojunction 
effect.  Amorphous  SiC:H  has  also  been  tried 
[14],  but  devices  suffer  from  similar 
problems  as  vith  a-Si:H. 

-  Microcrystalline  silicon  [15]  :  allovs  large 

bandgap  (1.4  eV)  and  reasonably  lov 
_2 

resistivities  (10  Scm)  to  obtain  lov 
series  resistance.  Hovever,  growing  this 
material  reproducibly  using  the  conventional 
plasma  CVD  vithout  epitaxial  alignment  may 
be  difficult. 


FIGURE  4 

Max  DC  current  gain  versus  base  Gummel  number 
for  different  types  of  emitters. 


Figure  4  presents  some  experimental  results 
indicating  an  increase  in  the  dc  current  gain 
0  when  Si  vide  bandgap  emitters  are  used. 
From  these  preliminary  results  it  follows 
that,  in  the  opinion  of  the  authors,  two 
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"vide-gap"  materials  should  be  considered  as 
serious  candidates  :  SiC  and  to  a  smaller 
extent  microcrystalline  silicon. 

4.  NARROW  BASE  SILICON  BIPOLAR  TRANSISTORS 
It  is  now  well  known  [16]  that  the  Ce^Sij 

layers  can  be  grown  pseudomorphically  on 
silicon  if  the  layers  are  thinner  than  the 
critical  thickness.  If  such  a  p-type  layer  is 
overgrown  by  an  n-type  doped  Si  layer  a  narrow 
base  transistor  is  foraed.  Initial 

calculations  indicate  that  vith  x  -  0.2  a 
large  bandgap  difference  between  ealtter  and 
base  and  a  critical  thickness  large  enough  to 
avoid  punchthrough  and  yield  lov  base 
resistance,  can  be  coabined.  As  in  this 
structure  the  silicon  in  the  ealtter  vill 
remain  cubic  and  unstressed  the  bandgap 
difference  vill  be  almost  completely  seen  as  a 
bandoffset  at  the  valence  band  edge  yielding  a 
very  efficient  np  heterojunction. 

In  the  opinion  of  the  authors  such  a 
narrov-gap  base  heterotransistor  is  extremely 
promising  for  the  following  reasons  : 

-  ealtter  and  collector  Interchangeability 

-  smaller  turn-on  voltage,  alloving  a  somevhat 
lover  power  dissipation 

-  due  to  the  absence  of  collector  stored 
charge  a  high  speed  saturated  logic  can  be 
developed 

-  no  problems  vith  lov  emitter  specific 
contact  resistance. 

5.  CONCLUSIONS 

Directly  diffused  or  implanted  emitters  are 
not  compatible  vith  very  thin  base  VLSI 
bipolar  transistors.  Polysilicon  emitters 
suffer  from  high  emitter  resistance  and  in  the 
short  term  epitaxial  emitters  seem  to  be  the 
beat  alternative.  On  the  other  hand,  more 
research  sould  be  oriented  towards  narrow 
bandgap  base  heterojunction  bipolar 
transistors  as  they  present  comparably  high 
emitter  efficiency  to  vide  band  gap  emitters 
vith,  however,  no  emitter  resistance  problems. 
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Laap-Zone  Melting  Recrystallization  (ZMR)  of  deposited  silicon  on  oxide  has 
proved  to  be  suitable  for  asking  devices.  We  present  here  electrical  results 
obtained  in  this  material  on  batches  of  4-in.  wafers,  which  confira  its  crystalline 
quality.  We  also  present  recent  results  obtained  in  SOI  aaterial  prepared  by 
oxidizing  a  buried  porous  layer.  Since  laser-ZMR  is  still  in  the  race  toward 
the  fabrication  of  a  aaterial  coapatible  with  3-0  circuits  fabrication,  soae 
new  results  are  periodically  available.  By  presenting  electrical  results  of 
the  three  types  of  aaterial,  we  coapare  and  discuss  the  future  trends  in  SOI 
concerning  each  of  these  three  techniques. 


1.  INTRODUCTION 

Silicon-On-Insulator  (SOI)  is  expected  to 
help  solving  soae  of  the  present  probleas 
encountered  in  the  CMOS  technology  of  VLSI 
circuits,  naaely  in  the  race  toward  saaller 
dimensions:  latch-up,  dielectric  isolation 
and  density  of  integration,  power 
consuaption, . . .  Many  techniques  have  been 
investigated.  The  use  of  an  oxygen  ion 
implantation  (SIMOX)  is  presently  widely 
studied  over  the  laboratories,  and  is 
discussed  elsewhere  in  these  proceedings.  We 
have  been  working  on  Zone  Melting 
Recrystallization  (ZMR)  for  a  long  time  / 1/ . 
This  technique  has  therefore  reached  a  level 
where  batches  of  4-in.  wafers  can  be 
processed  reproducibly  and  provide  a 
device-worthy  aaterial  111.  Another 
technique  is  attractive  since  the  processing 
apparatus  is  siaple  and  cheap:  the  oxidation 
of  porous  silicon  obtained  by  anodizing  a 
N/N+/N  structure.  The  last  technique  we 
report  below  is  laser-ZMR  which  is  one  of  the 
techniques  which  should  be  used  for  asking 
3-D  devices.  We  present  these  three 
techniques  and  coapare  their  respective 
electrical  parameters  as  aeasured  after 
having  ran  wafers  of  each  type  in  a  3pa  CMOS 
technological  procaas. 


2.  SOI  MATERIAL  PREPARATION 

The  preparation  of  laap-ZMR  SOI  aaterial 
has  already  been  reported  /3/.  Shortly,  a 
grating  is  etched  in  an  oxidized  wafer.  It 
consists  in  0.4  pa  deep  and  34  pa  wide 
stripes  separated  by  4  pa  lines.  A  0.5  pa  to 
0.6  pa  thick  encapsulated  polysilicon  fila  is 
used.  The  cap  is  a  1.6  pa  thick  oxide.  It 
avoids  the  delaaination  of  the  liquid  silicon 
and  Halts  mass  transport  at  melting.  The 
leap  apparatus  IJI  consists  in  a  row  of 
halogen  lamps  used  to  preheat  the  wafer  up  to 
1150  °C.  An  additional  laap  placed  in  an 
elliptical  airror  is  used  to  aelt  the 
deposited  polysilicon  fila.  The  molten  line 
Es  scanned  at  a  speed  of  0.2  aa/s.  The 
grating  etched  in  the  underlying  oxide 
provides  an  effactiva  defect  entrainment, 
thanks  to  a  solidification  front  aodulation 
161.  Tig. la  presents  a  SEM  micrograph  of  a 
cross-section  of  a  typical  laap-ZMR  wafer. 
Extended  characterizations  of  these  saaples 
have  already  been  reported  151.  The 
reaeining  defects  such  as  grain-, subgrain 
boundaries  (GBs,  SGBs)  or  precipitates  are 
en trained  upon  the  4  pa  steps  of  the  relief 
grating.  The  wafers  are  flat  and  the  slip 
lines  if  there  are  any  are  located  in  the 
bulk  substrate  and  not  in  the  SOI  fila 
itself.  Batches  heve  been  processed  which 
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FIGURE  1 

SEM  croM-tecrional  micrograph*  of: 

a)  a  lamp-ZMR  oxide  capped  sample  near 
a  defect  entrainment  line 

b)  an  oxidised  porous  sample  near  an 
anodization  access  window  .  The  sample 
has  been  etched  in  a  1:7  HF:FNH4 
solution 

c)  a  laser-ZMR  sample  near  a  S EG- filled 
seed.  The  sample  has  been  immersed  in 
a  buffered  HF  solution. 


show  the  reproducibility  of  the  laap-ZMR 
procedure  as  well  as  the  coapatibility  of  the 
wafers  with  a  CMOS  process  line. 

A  different  approach  has  been  studied  to 
fabricate  SOI  aster ial:  it  is  based  on  the 
transforaation  of  single  crystal  silicon  into 
porous  silicon  by  anodization  in  an  HF 
electrolyte.  By  taking  advantage  of  the 
preferential  anodization  of  N+  silicon,  a 
buried  porous  layer  can  be  obtained  by 
opening  windows  in  the  N-type  epitaxial  layer 
of  an  N/N+/N  structure  /6/.  The  foraation  of 
porous  silicon  proceeds  laterally  until  the 
whole  voluae  of  the  buried  layer  is 
transforaed,  in  a  self-lialted  reaction.  Me 
have  been  working  with  a  controlled  potential 
in  a  potentiostatic  three  electrodes 
configuration.  The  anodization  conditions  in 
HF  electrolytes  solutions  are  adjusted  to 
give  an  hooogeneous  porous  layer  of  about  568 
porosity.  An  oxidation  atep  provides  a 
buried  oxide  which  is  equivalent  to  a  theraal 
oxide  /7/,  regarding  its  resistance  to 
cheaical  etching  in  HF:  FNH4  solutions. 
Fig. lb  is  a  SEM  aicrograph  of  a  cross-section 
of  the  SOI  strucure  after  the  porous  layer 
has  been  oxidized.  The  burled  oxide  is 
hoaogeneous,  displays  flat  and  abrupt 
Interfaces.  In  this  saaple,  the  N+  layer 
doping  level  was  1.5  €19  ca-3  (antiaony)  and 
was  anodized  in  35*  HF  solutions  in  ethanol. 
The  oxidation  procedure  has  been  described 
elsewhere  /7/.  By  using  this  procedure, 
4-in.  SOI  wafers  have  been  fabricated  which 
are  coapatible  with  a  standard  CMOS 
technological  process.  The  SOI  aster ial 
consists  in  4/34  pa  window/active  region 
stripes,  all  across  the  wafer. 

Laser-ZMR  has  been  a  plonnsering  technique 
for  the  obtention  of  SOI  aster ial,  but  its 
application  has  been  restricted  because 
of  seversl  drawbacks.  The  spot  size  and 
related  overlapping  probleas  reaain.  Since 
the  two  previous  techniques  cannot  afford  the 
opportunity  of  asking  3-D  devices,  the  laser 
has  not  been  ebandonned.  Therefore,  new 
efforts  have  been  aade  on  the  way  toward 
obtaining  large  defect-free  areas.  In 
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laser-ZMR  where  a  seed  is  used,  defects  are 
related  to  the  thermodynamical  behaviour  of 
the  seed  area  upon  melting,  i.e.  the 
volumetric  contraction  of  silicon  and  the 
temperature  gradient  between  the  seed  and  the 
SOI  region.  These  effects  can  be  overcome  by 
using  a  seed  filled  with  single  crystal 
Si  or  by  usin;  discontinuous  seeds  /8/. 

In  our  case,  we  have  used  a  Selective 
Epitaxial  Growth  process  (SEG)  /9/.  Our 
samples  are  as  follows:  4-in.  wafers  are 
oxidized  up  to  0.5-0. 6  pm  and  then  etched  by 
Reactive  Ion  Etching  (RIE)  for  delineating 
the  seed  regions:  2  or  4  pm  wide  and  40  pm 
pitch.  The  seed  lines  are  <100>  or  <110> 
oriented.  The  solidification  Gent  is  here 
controlled  by  the  trailing  edge  of  the  molten 
spot . 

A  solidification  front  parallel  to  the  <110> 
direction  is  therefore  obtained  by  using  an 
elliptical  spot  slanted  at  30  °  from  the 
<100>  scan  direction. 

A  1  pm  poly-Si  film  is  then  deposited, 
followed  by  the  deposition  of  a  1  pm  oxide 
cap.  Since  the  slanted  elliptical  spot  is 
scanned  parallel  to  the  seed  lines,  the 
defects  are  rejected  near  one  end  of  the 
seed.  Fig.lc  shows  a  SEM  micrograph  of  a 
cross-section  of  our  sample  near  the  seed 
region.  The  high  crystal  quality  has  been 
confirmed  by  TEM.  The  crystalline  defects 
are  the  SGBs  which  correspond  to  about  1 
degree  of  misorientation  between  each  side  of 
the  SGB.  Similar  results  have  been  obtained 
using  discontinuous  seed  /8/.  Isolated  dislo¬ 
cations  exist  in  the  seed  regions.  They  do 
not  extend  very  deep  into  the  substrate  and 
their  density  is  lower  with  2  pm  seeds  than 
with  4  pm  openings. 

3.  ELECTRICAL  PARAMETERS 

The  three  types  of  SOI  wafers  have  been 
processed  in  similar  self-aligned  3  pm 
poly-Si  gate  CMOS  sequences.  The  main 
technological  parameters  are  summarized  in 
Table  1.  The  laser  results  presented  below 
have  been  obtained  on  samples  prepared  and 
recrystallized  by  the  LETI  and  using  discon¬ 
tinuous  seeds  /B/.  Natural  transistors  are 


SOI 

Gate  Oxide 

Lateral  Isolation 

Gate  Material 

5000  A 

420  A 

RIE  of  mesas 

Poly-Si: 4200  A 

Table  1  :  Process  Parameters, 
fabricated  by  avoiding  the  channel  implants, 

1. e.  using  the  as-prepared  SOI  material. 

They  can  either  be  enhancement  or  depletion 
mode  transistors.  These  natural  transistors 
provide  an  adequate  tool  to  study  the 
properties  of  the  interfaces  and  to  measure 
the  residual  doping  concentration,  by  C-V, 
I-V  and  transconductance  (gm)  measurements 
/10/.  Since  the  SOI  film  thickness  is  about 
5000  A,  the  channel  will  be  completely 
depleted  or  not,  depending  on  the  residual 
doping  level  of  the  SOI.  Table  2  presents 
values  of  drain  current  as  measured  on 
depletion  N+/N/N+,  W/L=  30/30pm  (natural) 
transistors  at  Vg=  -2V  and  Vd=  5V.  It  is 
below  E-13  A/pm  in  the  lamp-samples  whereas 
it  is  about  E-9  A/pm  in  the  laser-samples  and 
E-6  A/pm  in  the  EIP0S  samples.  These  values 
are  attributed  to  the  residual  doping  level 
and  to  interface  states  at  the  back 
interface.  In  the  three  types  of  SOI 

material,  the  residual  doping  is  N-type.  It 
is  in  the  low  E15  cm-3  in  the  lamp  samples 
and  in  the  high  E15  cm-3  in  the  laser 
samples.  No  satisfactory  explanation  has 
been  found  to  explain  this  N-type,  whereas  it 
is  in  the  E16  cm-3  for  the  FIP0S  samples 
where  it  can  be  attributed  to  a  diffusion  or 
to  any  incorporation  mechanism  of  species 
from  the  N+  layer  used  for  the  preparation  of 
the  material  (N/N+/N  structure)..  In  order  to 
better  qualify  the  material  quality,  we  have 
derived  the  minority  carried  lifetime  from 
the  time  to  form  the  inversion  layer  in  a 
depletion  mode  transistor  /ll/.  Table  2 
summarizes  the  orders  of  magnitude  obtained 
in  each  type  of  SOI.  It  shows  that  the  lamp 
material  is  approaching  bulk  material  quality 
whereas  FIP0S  and  laser  materials  have  traps 
which  reduce  the  lifetime.  As  shown  in  Table 

2,  we  have  also  derived  values  of  electron 
and  hole  mobilities  from  gm(Vg)  curves  at  Vg= 


Residual  Doping 

*8 

pe 

PP 

Lamps 

N 

2-3  E15  cm-S 

10  ps 

900 

230 

FIPOS 

N 

2-3  E16  cm-S 

1  ps 

500 

145 

Laser 

N 

7-8  E15  cm-3 

1  ps 

1000 

200 

tg:  Minority  Carrier  Lifetime, 
tie,  t>p:  Electron,  Hole  Mobility. 


Table  2  :  Electrical  Parameters  Obtained  from  Natural 
Transistors  (N+/N/N+  and  P+/N/P+) . 

Vfb  (flatband  voltage)  /12/.  Notice  that 
these  values  do  not  correspond  to  those 
Measured  in  inversion  or  accunulation  layers. 
They  are  close  to  the  bulk  values  /13/ 
whereas  the  second  ones  are  lower  aa  a  raault 
of  increased  scattering. 

These  results  are  confiraed  by 
neasureaents  perforaed  on  enhanceaent  aode 
transistors  (where  the  channel  has  bean  ion 
iaplanted).  In  Table  3,  we  present  leakage 
current  levels  as  Measured  on  72/5  pa  N-type 
edgeless  transistors  at  Vg«  -2V  and  Vd*  5V. 
In  each  type  of  SOI,  they  reaain  below  1  pA/ 
pa  of  channel  width.  Table  3  alao  displays 
surface  Mobility  values  as  derived  froa  Id-Vg 
curves  in  the  linear  region.  The  high  value 
of  the  electron  nobility  together  with  a  low 
hole  Mobility  in  the  laser-saaplea  could  be 
due  to  soae  reaidual  locel  stress  within  the 
SOI  flla.  The  low  hole  nobility  of  the  FIFOS 


Leakage  Current 
(•) 

Re 

cm2 /V.s 

PP 

cm2/V.i 

tP 

ns 

Lamps 

<pA 

620 

220 

i 

FIPOS 

<pA 

570 

155 

1.7 

Laser 

<pA 

670 

185 

2.2 

(•)  Measured  at  Vg»+/-2'  •  J  Vd-+/-aV. 

pe,  pp:  Electron, Hole  Mo'  ies. 

tp:  Propagation  Delay  1  .»  ;r  Gate  (3.S  pm  effective 
channel  length). 

Table  S  :  Electrical  P r  hbmm  obtained  from  N-  and  P- 


saaple  could  raault  froa  a  poorer  quality 
either  of  the  interfaces  or  of  the  Material 
aa  coapared  to  the  other  aster ials.  These 
paraaatera  have  bean  derived  froa 
aaasureasnta  psrforaad  on  edgeless 
translators  alnce  these  allow  to  avoid  the 
parasitic  edge  channel  encountered  in  aesa 
etched  N-type  transistors  /14/.  Fig. 2  shows 
Id-Vg  curvss  of  both  R-  snd  N-type  edgeless 
72/5  pa  transistors  obtained  in  laap-ZMR 
wafers  at  Vd«  0.1  V.  The  subthreshold  slope 
is  about  120  aV/decade  and  confiras  a  low 
density  of  interface  states.  This  slope  can 
overcoae  the  ^theoretical  "ideal”  value  as  a 
result  of  the  "kink”  effect  /15,  2/due  to  the 
floating  substrate  /16/.  It  can  be  avoided  by 
connecting  the  source  and  the  channel  or 
reduced  by  thinning  the  SOI  fila  /17/. 

249-stage,  3.5  pa  effective  gate  length 
ring  oscillators  have  been  fabricated,  in 
order  to  test  the  dynaaic  characteristics  of 
the  Materials.  Table  3  suaaarlzes  the 
results  for  the  three  SOI  .  techniques.  Me 
believe  that  in  the  laser-saaples  where  the 
Mobility  on  individual  transistors  is  high 
(see  Table  3),  the  increased  propagation 
delay  tiae  is  partly  due  to  the  thin  oxide 
used  to  isolate  the  seeds  (gate  oxide),  and 
also  to  the  low  thickness  of  the  underlying 
oxide  (0.3  pa). 


10  (  ) 


FIGURE  2 

Id-Vg  curves  of  P-  and  N-channel  tran¬ 
sistors  fabricated  in  lamp-ZMR  material. 
Channel  width,  W-  72um  and  gate  length, 
L-  4um.  Vd»  +/-  0.  IV  and  Vg-  -/-  5V. 
The  Bulk  substrate  voltage  Vb  is  0V. 
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The  nuaber  of  processed  Mafers  is  too  'low 
for  the  laser-  and  FIPOS-SOI  aaterial  to 
provide  reliable  statistical  studies  froa  a 
wafer  to  another  or  froa  a  run  to  another. 
It  aust  be  pointed  out,  however,  that  in 
single  wafers  the  laser-  and  FIPOS-SOI  fila 
thickness  ia  very  unifora.  This  point  is 
very  iaportant  for  technological  steps  such 
as  SOI  fila  thinning,  dielectric  isolation 
(sees  etching  or  LOCOS  definition),  energy 
adjustaent  of  the  Drain/Source  iaplants... 

Statistical  results  are  available  for  the 
laap-SOI  aaterial  where  aany  batches  have 
been  processed.  They  have  first  shown  that 
the  residual  doping  level  should  be  reduced 
down  to  the  E15  ca-3  or  less  in  order  to 
allow  the  adjustaent  of  the  threshold  voltsge 
of  both  N-  and  P-type  translators.  Notice  in 
Fig. 2  the  syaaetrical  characteristics  of  both* 
P-  and  N-channel  transistors.  In  Fig. 3,  we 
display  the  threshold  voltage  distribution  of 
enhanceaent  aode  20/3  pa  N-type  transistors 
obtained  on  4  4-in.  wafers  of  a  saae  batch. 
The  aean  value  is  0.9V  with  a  standard 
deviation  of  61  aV.  We  have  already 
presented  soae  statistical  results,  naaely  on 
the  influence  of  the  defect  entrainaent  lines 
and  shown  how  they  scatter  the  threshold 
voltage  distribution  111 . 


i - 1 - 1 - 1 - r 

im  t.m  *.m  lit  i.w 


THRESHOLD  VOLTAGE  (V) 


FIGURE  3 

Threshold  voltage  distribution  of  N-type 
transistors  fabricated  in  lamp-ZMR  wafers. 

W-  20um,  Ineffective-  1.7um.  The  mean  value 
is  0.9V  and  the  standard  deviation  61  mV. 


4.  DISCUSSION 

Me  have  preasnted  above  tha  aain 
electrical  reaulta  obtained  in  each  of  the 
three  techniques.  It  aust  ba  pointed  out 
that  these  results  are  not  independent  of  the 


level  of  aaturity  of  the  technological  device 
process  for  a  given  aaterial.  Since 
laap-aaterial  has  reached  a 
process-coapatible  quality  before  the  other 
two,  they  are  a  step  forward  on  their  way 
toward  the  production  of  SOI  circuits  for  the 
aicroelectronics.  Specific  technological 
steps  necessary.  Moreover,  the  design 
constraints  brought  on  by  the  relief  grating 
have  been  taken  into  account  by  the  circuit 
designers  who  use  the  defective  silicon  for 
highly  doped  parts  of  circuits. 
Mass-transport  still  has  to  be  iaproved  if 
one  wants  to  thin  the  SOI  fila  down  to 
hundreds  of  angstroas.  This  should  be  useful 
for  avoiding  the  ”klnk”  effect  without 
density  loss.  Another  "effect”  has  to  be 
reduced,  that  is  the  previously  reported 
"shrink”  of  the  laap-ZMR  wafers  /3/.  It 
leads  to  a  narrowing  of  the  defect  lines.  It 
aust  be  quantified  precisely  and  be 
reproducible  in  order  to  have  it  correctly 
corrected  at  the  first  aask  level,  that  is 
the  relief  grating  level. 

On  the  other  hand,  laser-  and  FIPOS-SOI 
aaterials  are  quite  new,  as  far  as  the  VLSI 
technological  process  is  concerned.  FIPOS  is 
very  attractive  since  the  useful  aaterial  is 
siailar  to  the  starting  bulk  crystal  as  it 
does  not  undergo  any  transforaation. 
However,  the  residual  doping  level  should  be 
reduced  at  least  of  one  order  of  aagnitude  if 
we  want  to  adjust  the  threshold  voltages. 
Moreover,  new  design  constraints  are  brought 
in  by  the  fact  that  there  is  no  silicon  left 
in  the  access  windows  of  the  N/N+/N  structure 
after  oxidation  of  the  porous  buried  layer. 
The  interfacial  quality  of  the  oxide  should 
also  be  further  iaproved.  Finally,  the  laser 
technique  haa  to  be  characterized  aore 
specifically  and  precisely,  naaely  concerning 
the  residual  crystalline  defects  (SGBs, 
twins,  stacking  faults,...)  and  the  residual 
stress  within  the  recrystallized  aaterial. 
Moreover,  the  long  tera  stability  of  the 
laser  also  has  to  be  certified.  Me  believe, 
however,  that  this  technique  should  find  soae 
specific  applications  in  the  field  of  3-D 
circuits. 

To  suaaarize,  we  believe  that  it  sight  be 
possible  to  classify  the  three  techniques  in 
a  chronological  order  of  applications  to 
circuit  fabrication.  Laap-ZMR  aaterial  is 
ready  for  -  circuit  devalopaent. 
FlPOS-aaterial  should  find  a  aediua  tera 
application,  after  the  aain  residual  problaas 
Indicated  above  will  be  solved.  Laser-ZMN 
haa  a  certified  but  probably  long  tera  3-D 
circuit  field  of  application  and  should  still 
doaonstrats  its  reproducibility  and 
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cry stall ln«  quality  on  a  larga  acala  if  it 
wants  to  bo  applied  shortly  in  ths  VLSI  2-0 
technology . 

5.  CONCLUSIONS 

Me  have  shown  that  a song  three  different 
techniques  used  in  the  recant  years  to 
fabricate  SOI  notarial,  i.e.  leap-  or 
laeer-ZNR  and  FIFOS,  the  level  of  advancaaant 
is  quite  different  in  both  notarial  and 
technological  processes.  Statistical  and 
electrical  paraoeters  obtained  in  laap-ZMR 
batches  of  wafers  show  that  this  technique  is 
ready  for  providing  substrataa  for  asking 
CMOS  devices.  On  the  other  hand,  problona 
related  to  renaming  detects  in  the  naterial 
or  to  a  high  residual  doping  level  still  have 
to  be  solved  in  the  other  two  techniques 
before  they  can  provide  reliable  substrataa. 
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B2.2.2 

POROUS  ANODISED  SILICON  FOR  FULL  DIELECTRIC  ISOLATION: 

The  Development  of  an  n/n+/n  Device  Route 


D  Bruahead,  J  G  Cast  led ine  and  J  M  Keen 

J  H  Cole,  L  G  Earvaker,  JPG  Farr,  P  E  Grzesczyk,  J  L'Ecuyer,  M  Loretto  and  I  M  Sturland* 

Royal  Signals  and  Radar  Establishment,  St  Andrews  Road,  Great  Malvern,  Worcs  WRI4  3PS,  UK 
*  University  of  Birmingham,  P  0  Box  363,  Birmingham  B15  2TT,  UK 

The  n/n+/n  route  to  porous  silicon  has  been  used  to  produce  fully  dielectrically  isolated 
silicon  islands.  Results  are  presented  to  show  that  doping  of  the  island  with  residual  n+ 
material  can  be  avoided  and  that  the  silicon  is  of  high  crystalline  perfection.  The  tech¬ 
nique  is  shown  to  avoid  the  limitations  of  the  original  p-n  technique  and  to  be  extremely 
promising  for  SOI  Device  applications. 


1.  INTRODUCTION  the  burled  oxide  can  be  decoupled  from  the 

Progress  Is  reported  In  applying  oxidised  width  of  the  islands,  there  Is  no  residual 

porous  anodised  silicon  for  full  dielectric  spike  beneath  the  centre  of  the  island, 

isolation  in  VLSI.  Early  procedures  [1]  were  therefore  the  islands  as  formed  and  after 

based  on  selectively  anodising  p-type  regions,  oxidation  are  potentially  defect  free.  A 

and  NTT  made  a  64K  RAM  using  this  technique.  disadvantage  is  the  need  for  a  thin  epitaxial 

The  method,  however,  had  limitations  with  layer  with  an  abrupt  interface  to  a  buried  n+ 

reapect  to  island  width  and  crystallographic  layer, 

perfection,  and  resulted  in  thick  porous 

layers.  Inevitably,  a  spike  was  left  under  2.  EXPERIMENTAL 

the  silicon  islands.  Other  approaches  involve  A  strip  mask  has  been  used  to  produce 

growing  good  quality  molecular  beam  epitaxial  wafers  with  different  structures  in  each  of 

layers  on  porous  silicon  (2]  or  rely  on  a  four  quadrants.  Island  strips  of  width  20, 

burled  layer  beneath  the  silicon  wafer  surface  30,  40  and  60  microns  have  been  produced  with 

to  direct  the  current  flow  laterally,  under  5  micron  n+  anodising  entry  windows  between 

the  device  islands  { 3 ].  Both  of  these  methods  them  in  the  four  quandrants,  respectively, 

have  disadvantages  in  practice.  The  wafers  were  anodised  at  constant  voltage 

in  an  ethanolc/HF  electrolyte  to  convert  the 
We  have  explored  n/n+/n  enhanced  lateral  n+  silicon  both  between  and  under  the  islands 

anodisation  as  an  alternative  route  [4].  Its  into  porous  silicon  about  half  a  micron  thick, 

basis  is  that  the  auceptlbillty  to  anodising  The  wafers  were  subsequently  oxidised  and 

is  dependent  on  the  n-type  doping  level,  so  analysed, 

that  higher  dopant  concentrations  lead  to 
lower  anodising  voltages  and  lower  porous  3.  RESULTS 

densities.  Therefore  n+  material  can  be  Transmission  electron  micrographs  (TEM)  of 

anodised  preferentially  leaving  a  lower-doped  cross-sections  of  island-doped  wafers  (Figure 

n-type  island.  The  advantages  of  this  1)  illustrate  the  isolation  obtained,  the 

technique  over  using  p/n  selectivity  are  that  retention  of  the  island  geometry  and  the 

the  thickness  of  the  porous  silicon  and  hence  good  crystallographic  quality  of  the  island. 
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Figure  1 .  Cross-section  TEM  micrographs  showing  the  n/n+/n  microstructure  following  (a)  anodising 
ana  (b)  oxidation  at  300*C  for  1  hour  and  800*C  for  1  hours,  (c)  300 °C  for  1  hour,  800*C  for  1  hour 
and  1090*C  for  4  minutes  followed  by  an  anneal  in  dry  nitrogen  for  1  hour.  Note  the  absence  of 
defects  in  the  Si  island  and  the  sharpness  of  the  interface  between  the  Si  island  and  the  porous  Si 
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Figure  2(a) .  SIMS  profile  shoving  the  initial 
dopant  distribution  through  a  vertical  section 
of  the  island  structure. 
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The  non-uniform  structure  of  the  as-anodlsed 
porous  silicon  ts  related  to  the  Implant 
profile  which  Is  well-revealed  by  SIMS 
analyses  (Figure  2a).  The  pore  size  and 
structure  Is  determined  by  a  complex 
relationship  between  dopant  concentration, 
electrolyte  composition  and  the  anodising 
current  density.  By  careful  choice  of 
conditions,  the  doping  levels  and  current 
density  effects  can  be  used  to  counteract  each 
other  In  order  to  achieve  a  much  better 
uniformity  than  that  shown. 

The  steepness  of  the  profile  determines  the 
roughness  of  the  Interfaces  between  the 
silicon  island/porous  silicon,  and  substrate/ 
porous  silicon.  On  oxidation,  the  porous 
silicon,  together  with  some  of  the  silicon  at 
the  back  of  the  Island  and  at  the  substrate 
Interface,  la  converted  to  SIO2.  This  Is 
shown  In  Figure  1  (TEM)  and  Figure  3 
(lutherford  Backscatterlng). 


Figure  2(b).  SIMS  profile  showing  dopant  dist¬ 
ribution  after  the  oxidation  of  the  porous 
silicon. 
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Figure  3.  Rutherford  backscattering  (RBS) 
spectra  from  randomly  oriented  samples  of  as- 
anodised  and  anodised-plus-oxidised  (1  hour  at 
300*C  plus  2  hours  at  800*0  porous  silicon. 
The  spectrum  from  the  oxidised  porous  sample 
indicates  fully  oxidised  Si02  with  some  of  the 
back  face  of  the  island  also  being  oxidised. 


If  the  anodising  has  been  done  correctly,  the 
oxidation  of  the  whole  of  the  back  of  the 
island  is  uniform.  Due  to  the  steepness  of 
the  iepurlty  profile  and  the  low  oxidation 
temperatures  involved,  an  oxide  barrier  can  be 
created  which  eakes  it  possible  to  avoid 
doping  the  back  of  the  island  (Figure  2b). 

4.  CONCLUSIONS 

Very  lightly  doped  islands  have  been 
produced  with  sharp  Interfaces,  good  island 
morphology  and  low  defect  densities.  The  n/n+ 
route  has  been  shown  to  overcome  the 
limitations  associated  with  the  original  p/n 
porous  silicon  technique.  It  is  therefore,  an 
extremely  promising  approach  to  SOI  device 
production. 
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BOS  Transistors  bar*  baan  fabricatad  in  two  indapandant  active  device  layara, 
tba  aacond  of  wbicb  baa  baan  formed  through  laaer  recryatallization  of  a  thin 
polyailicon  layer.  Tba  affect  of  tba  fabrication  proceaa  on  tba  devicaa  in  the 
•ilicon  aubatrate  baa  been  invaatigatad  and  characterized  through  electrical 

measurement a. 


1.  IKTRODUCTIOW 

Integrated  circuit  semiconductor  develop¬ 
ment  is  characterized  by  constantly  increasing 
device  packing  density.  Ontil  recently  this 
has  been  achieved  by  reducing  the  lateral 
device  dimensions  while  increasing  the  chip 
area.  The  magnitude  of  reduction  in  device 
dimensions  has  proved  to  introduce  significant 
technological  problems.  Another  possibility 
for  increasing  the  level  of  integration  is  the 
utilization  of  one  or  more  additional  device 
layers.  In  addition  to  reducing  the  inter¬ 
connection  length  such  a  tactic  allows  the 
realization  of  completely  new  circuit  concepts 
as  well  as  making  possible  the  utilization  of 
mixed  technologies. 

In  order  to  investigate  tba  effs  t  of 
recrystallisation  of  the  upper  la'  t  of  a 
3-dinenaional  circuit  on  the  '  /i <vs  in  the 
underlying  layer  a  IP ^.ocesa  has  been 
developed. 

2.  PROCESS 

Since  the  primary  purpose  of  this  invest¬ 
igation  is  to  determine  the  effects  of  the 
recryatallization  process ,  the  technology  has 
boom  conceptualized  to  be  as  simple  as 
possible.  Two  active  device  layers  have  been 
fabricated,  the  first  of  which  is  in  the  mono- 
crystalline  silicon  substrate,  and  the  second 
which  is  fabricated  in  a  thin  recrystallized 
polyailicon  layer.  This  arrangement  suited 


itself  to  a  CKOS  circuit  structure  in  which 
tbe  MHOS  and  PMOS  devices  are  fabricated  in 
their  own  layers  respectively  thus  simpli¬ 
fying  the  process,  though  it  is  in  principle 
not  necessary.  Due  to  the  fact  that  arsenic 
is  the  nost  thermally  stable  element  in 
silicon  it  was  decided  that  the  n-channel 
devices  would  be  fabricated  using  As  doped 
source-drain  regions  in  the  nonocrystalline 
silicon  substrate. 

The  3D  process  developed  requires  10  mask 
steps  and  utilizes  virtually  exclusively 
standard  semiconductor  processes.  Starting 
material  for  the  process  is  3”  p-type  (100) 
silicon  wafers.  The  first  phase  of  the 
process  is  the  utilization  of  a  standard  poly¬ 
gate  KOS  process  to  fabricate  the  n-channel 
devices  using  a  500  A  thick  gate  oxide  with  a 
ainiaua  feature  size  of  4  ua.  The  source- 
drain  regions  are  As  doped  using  ion  implan¬ 
tation.  At  the  completion  of  this  phase  the 
surface  exhibits  significant  topography.  It 
is  known  that  such  nonplanar  features  have  un¬ 
desirable  effects  on  tbe  recrystallization 
process  resulting  in  nucleation  sites  for 
grain  boundary  fornation  [1].  These  effects 
are  minimized  by  applying  a  planarization 
process  which  serves  simultaneously  to 
insulate  the  first  device  layer.  A  two  stage 
planarization  process  is  used.  In  the  first 
stage  a  LPCVD  oxide  is  deposited  and  then 
patterned  to  fill  the  depressions  in  the 


source-drain  areas.  A  low  teeperature  oxide 
(LTO)  is  used  for  which  the  etch  rate  in 
buffered  HT  is  roughly  three  tines  that  of  a 
thernal  oxide  thus  allowing  processing  without 
special  etch  stops.  With  the  proper  mask 
design  this  process  allows  a  nearly  planar 
surface  to  be  obtained.  The  remaining 
irregularities  are  minimized  in  a  reflow 
planarization  step  in  which  a  0.1  um  oxide 
layer  is  deposited  followed  by  0.4  um  of 
Phosphorous-Silicate-Glass  (PSG) .  After  re¬ 
flow  a  0.2  um  oxide  layer  is  deposited  to 
serve  as  a  diffusion  barrier. 

After  completion  of  the  devices  in  the 
first  layer  a  0.5  um  thick  layer  of  poly¬ 
silicon  is  deposited,  doped,  and  covered  with 
an  850  A  thick  LPCVD  oxide  capping  layer.  The 
polysilicon  is  recrystallized  over  the  entire 
surface  with  the  help  of  an  argon  laser.  This 
is  necessary  in  order  to  avoid  excessive 
absorbtion  in  the  underlying  monocrystalline 
substrate.  The  laser  power,  beamwidth,  scan 
speed  and  substrate  temperature  are  12  W,  70 
um,  3  cm/sec  and  500  *C  respectively.  Mod¬ 
ification  of  the  melt-zone  temperature  profile 
is  achieved  through  beam  forming  as  shown  in 
Figure  1.  Following  recrystallization  the 
silicon  layer  is  divided  into  individual  is- 


P  CHANNEL  M0SFET 


lands  to  allow  for  contacts  to  the  devices  in 
the  substrate  layer. 


Fig.  1:  Beam  form  of  the  argon  laser. 

P-channel  polysilicon  gate  MOS  transistors 
with  a  500  A  thick  gate  oxide  are  formed  in 
the  recrystallized  silicon  layer  using  a 
modified  standard  MOS  process.  A  substrate 
contact  for  the  devices  in  the  second  layer  is 
included  since  it  has  been  found  that  the 
characteristics  of  devices  with  a  floating 
substrate  are  different  than  those  at  a  fixed 
potential.  Additionally  the  fixed  substrate 
allows  for  minimization  of  coupling  effects 
between  the  two  layers. 

The  contact  window  opening  proceeds  using  a 
combined  dry/wet  etch  process  which  takes 
advantage  of  the  high  selectivity  of  wet 
chemical  etching  while  obtaining  low  levels  of 
lateral  underetching. 

HH  THERMAL  OXIDE 
wm  LPCVD  OXIDE 
E3  N+  DOPED  REGION 
HB  P+  DOPED  REGION 
ALUMINIUM 


Fig.  2:  Schematic  croaa  section  of  a  3D  MOS  device. 
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X  schematic  cross-section  of  a  3D  device 
coasiatiag  of  two  BOS  translators  Is  shown  In 
Figaro  2.  X  SIR  photograph  of  tho  corres¬ 
ponding  fabricated  structure  is  shown  in 
Figure  3. 


Fig.  3:  SEX  photo  of  a  3D  device. 


Xs  stated  earlier  the  nain  goal  of  this  in¬ 
vestigation  was  a  determination  of  the  effect 
of  the  recrystallisation  procedure  on  the  un¬ 
derlying  devices  in  the  nonocrystalline  sub¬ 
strate.  Characteristic  curves  typical  of  the 
MOS  devices  in  both  layers  are  shown  in  Fig¬ 
ures  4  and  5.  XI though  the  threshold  voltage 
of  the  n-channel  devices  is  slightly  negative 
this  nay  be  easily  coapensated  with  an 
appropriate  channel  implantation.  The  p-chan- 
nel  transistors  exhibit  a  relatively  high 
threshold  voltage  of  -12  V  and  a  nobility  of 
roughly  140  cm* /Vs.  This  nay  be  attributed  to 
high  levels  of  surface  roughness  on  the 
boundary  layer  at  the  silicon/gate-oxide 
interface  as  has  been  seen  with  SM 
investigation.  The  source  of  this  roughness 
nay  lie  in  the  low  scan  speed  used  during 
reerystallisation. 

The  aeasuresents  show  that  the  recrystal- 
lisation  process  has  a  limited  effect  on  the 
paraaeters  of  the  devices  in  the  substrate 
layer.  XI though  the  process  has  no  signifi- 


vDS  (V) 


Fig.  4:  Typical  characteristic  curve  of  a 
n-channel  HOS  transistor. 


VDS  «V) 


Fig.  5:  Typical  characteristic  curve  of  a 
p-channel  HOS  transistor. 

cant  effect  on  the  Bean  values  of  the  thresh¬ 
old  voltage  and  nobility,  the  parameter  scat¬ 
tering  increases  by  roughly  50%.  Xfter  com¬ 
pletion  of  the  second  active  layer  the  mean 
paraneter  values  have  shifted  as  well.  It  is 
possible  that  this  shift  is  caused  by  the 
resultant  nechanical  stress  between  the 
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THRESHOLDVOLTAGE  (V) 


MOBILITY  (cm2/ Vs) 


Fig.  6:  Measurement  distribution  of  the 

n-channsl  transistors  after  couplet ion 
of  tbe  first  laser. 

individual  layers.  The  histograms  showing 
these  effects  are  displayed  in  rigs.  (  and  7. 

4.  swam 

This  investigation  has  shown  that  the 
fabrication  of  a  second  active  device  layer 
has  only  a  minor  effect  on  the  characteristics 
of  the  devices  in  the  underlying  layer.  The 
process  presented  here  has  served  as  the  basis 
for  the  development  of  a  2  urn  design  rule  3D- 
CNOf  process. 
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THRESHOLDVOLTAGE  (V) 


MOBILITY  (cm2/Vs) 


rig.  7:  Measurement  distribution  of  the 

n-channel  transistors  after  conpletion 
of  the  second  layer. 
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Silicon-On- Insulator  transistors  are  used  with  a  doable  fate  control.  By  thia  way,  a  fully  inverted  silicon  film 
(interface  and  film  volume)  is  obtained.  This  method  allows  os  to  greatly  enhance  the  device  performance,  in 
particular  the  subthreshold  swing,  transconductance  and  drain  current.  Simulated  and  experimental  characteristics 
on  SIMOX  structures  are  analysed  to  study  the  new  device. 


1.  INTRODUCTION 

Silicon-On-lnsuiator  materials  present  many  advantages 
compared  with  the  bulk  silicon  VLSI  technology:  lateral 
isolation,  lower  parasitic  capacitance  and  power,  higher  speed, 
reduced  short  channel  effects,  radiation  tolerance,  ... 

In  this  communication,  the  special  multi-interface  confi¬ 
guration  of  SOI  structures  is  used  to  obtain  a  new  device  based 
on  volume  inversion.  The  theoretical  analysis  is  achieved  with  a 
’home-made*  computer  program  (ISIS)  which  gives  the  solution 
of  the  Poisson  equation  in  multilayer  structures  [1],  and  the 
experiment  is  carried  out  on  SIMOX  devices. 

2.  SIMULATION 

The  physical  principle  of  the  device  is  shown  in  Fig.1. 
Surface  inversion  channels  can  be  activated  either  at  the  top 
interface  or  at  the  back  interface  using  the  normal  gate  Vq1  or 
the  secondary  gate  Vq,  (bulk  Si  substrate)  respectively.  We 
choose  to  simultaneously  bias  both  gates  (Vq,  -  K  Vq1), 
where  the  coefficient  K  accounts  for  the  differences  in  thickness 
and  threshold  voltage  between  gate  oxide  and  buried  oxide  (K  n 
10). 

If  the  film  is  thick  or  highly  doped,  there  is  no  overlap  of  the 
two  depletion  regions  and  the  inversion  channels  grow  almost 
independently.  For  example  in  Fig.  la,  the  film  is  slightly 
depleted  for  Vq1  -  2V  and  only  a  low  coupling  appears 
between  die  two  conducting  channels 

A  Afferent  behaviour  (Fig. lb),  caused  by  the  coupling  of 
the  two  interfaces,  occurs  in  films  with  normal  thickness  (<  0.2 
pm)  and  low  dopey  (a  few  10**  cor*).  For  V0l  -  -1  V,  the 


whole  silicon  film  is  in  accumulation.  For  higher  Vq1(  the 
potential  increases  at  the  interfaces  and  in  the  film  volume,  from 
depletion  to  weak  and  strong  inversion.  For  Vq,  >  0.6  V,  the 

potential  shift  exceeds  2Pp  in  every  regions  and  all  the  film  is  in 
Strong  inversion.  We  propose  to  call  this  new  device  the  ’volume- 
inversion  MOSFET  (VI-MOSFET). 


Figure  1 

Potential  profiles  inside  the  silicon  film  for  uncoupled  (a  :  doping 
N,  m  4.10**  cm"*,  film  thickness  tgi  ™  300  nm)  and  coupled  (b 
:  Nt  «  3.10**  cm"*,  t$i  "  100  nm)  interfaces.  (27 nm  and  380 
nm  thick  oxides). 
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The  behaviour  of  the  Vl-MOSFET  is  governed  by  minority 
carriers,  which  now  are  no  longer  confined  at  an  interface.  Thefe 
are  significant  advantages:  greatly  increased  number  of  minority 
carriers,  reduced  influence  of  surface  scattering  and  interface 
defects,  use  of  the  volume  which  is  much  thicker  than  a  surface 
inversion  layer  and  has  higher  carrier  mobility.  These  special 
features  lead  to  a  great  improvement  in  current  value, 
subthreshold  slope,  transconductance  and  speed. 

In  Fig.2  are  compared  the  current-voltage  characteristics  of 
an  N-channel  VI-MOSFET  (K  —  10)  with  those  of  a  normally 
operated  MOSFET  (K  =  0,  i.e.  inversion  layer  at  the  top  surface 
only).  The  current  and  transconductance  variation  versus  Vq  are 
calculated  using  a  mobility  profile  suggested  by  transport 
measurements  [2]  :  1200  cmz/Vs  in  the  center  of  the  film,  500 
cmz/Vs  at  the  front  interface  and  400  cmz/Vs  at  the  back 
interface. 

The  subthrcshold  swing  (Fig.2a)  of  the  Vl-MOSFET  (29 
mV/decade,  curve  1)  is  excellent,  compared  with  66 
mV/decade  for  the  normally  operated  MOSFET  (curve  2),  and 
clearly  goes  far  below  the  theoretical  limit  of  the  normal 
MOSFET  (<*60  mV/decade). 

In  strong  inversion  (Fig.2a)  the  current  of  the  VI-MOSFET 
(curve  1)  exceeds  by  a  factor  3  at  Vq1  «.  12  V  that  of  the 
normal  MOSFET  (curve  2).  This  is  due  to  (i)  the  increase  in  the 
total  number  of  carriers,  (ii)  the  improvement  of  the 
subthreshold  swing  and  (iii)  the  transconductance  overshoot  of 
the  VI-MOSFET  (Fig.2b,  curve  1).  Indeed,  the  transconductance 
is  clearly  enhanced  for  K=»  10  (curve  1)  in  comparison  with 
K -0  (curve  2).  The  maximum  field  effect  mobility  (1030 
cmWs),  corresponding  to  the  transconductance  maximum,  is 
close  to  the  carrier  mobility  in  the  film  volume. 

The  comparison  with  a  linear  variation  of  carrier  mobility 
(without  peak  mobility  in  the  film  center)  between  the  two 
interfaces  (curve  3  :  K  — 10  and  curve  4  :  K-0),  emphasizes  the 
importance  of  the  volume  mobility.  It  is  interesting  to  note  that 
even  for  K  -0  (curves  2  and  4)  the  mobility  profile  is  important, 
since  a  volume  inversion  still  exists  in  a  narrow  region  dose  to 
the  front  surface. 


Vfil  IV) 


Future  2 

Simulated  I-V  characteristics  (a)  and  transconductance  (b)  for  K 
-  10  (curve  1)  and  K  -  0  (curve  2),  for  the  device  of  Fig.lb  and  a 
bell  shaped  mobility  profile.  The  curves  3  (K  -  10)  and  4  (K  = 
0)  are  obtained  with  a  linear  mobility  profile.  For  the  sake  of 
siraplidty,  the  mobilities  are  supposed  to  not  depend  on  Vq. 

Fig.  3  shows  the  current-voltage  characteristics  of  N-type 
depletion  mode  transistor.  The  drain  current  and  the 
transconductance  are  compared  for  the  normally  operated 
MOSFET  (K*>0)  and  for  the  MOSFET  with  volume- 
sccumulation  (VA-MOSFET)  with  K«  10.  Volume  accumu¬ 
lation  is  more  easy  to  obtain  than  volume  inversion,  because  it  is 
a  "natural*  behaviour  of  the  silicon  film  for  a  normal  transistor  in 
fiat  band  situation.  Therefore,  the  gains  are  slightly  lower  for  the 
VA-MOSFET  than  for  the  Vl-MOSFET.  Nevertheless,  the  use 
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of  I  double  gale  control  greatly  improves  the  important  device 
parameters.  Indeed,  we  can  observe  in  Fig-3  a  decrease  of  the 
subthreshold  swing  (67  mV/dec  for  K=0  (curve  2)  and  34 
mV/dec  for  K-10  (curve  1)),  an  increase  of  the  trans¬ 
conductance  (90  %)  and  current  value  (75  %)  for  the  VA- 
MOSFET. 


-  10  (curve  1)  and  K  -  0  (curve  2)  for  a  depletion  mode 
transistor  with  the  same  technological  parameters  than  in  Fig  lb 
(doping :  Nd  “  3.10*5  cm"3). 


3.  EXPERIMENTS 

All  these  optimistic  expectations  are  indeed  verified. 
Experimental  evidence  has  been  obtained  with  P-channel 
MOSFETs  fabricated  with  standard  technology  on  a  low-doped 
SIMOX  substrate  (dose  lAtlO1*  0+/cm2,  energy  200  keV, 
annealing  above  130CPC).  The  thicknesses  are  about  200nm  for 
the  film,  27  nm  for  the  gate  oxide  and  380  nm  for  the  hurried 
oxide.  The  characteristics  of  OS  Hm  long  transistors  are  given. 
Fig4  a  and  b  clearly  show  the  great  gains  in  subthreshold  swing 
(70  mV/decade  for  K-0  (curve  1)  and  29.5  mV/decade  for 
K  =  10  (curve  2)),  transconductance  (80%)  and  current  value 
which  increases  by  a  factor  2.8  at  Vq1  =  -2  V,  by  using  a  double 
gate  control.  The  leakage  currents  of  the  VI-MOSFET  is  very 
low  because  carrier  accumulation  occurs  simultaneously  at  both 
interfaces.  Similar  improvements  have  been  obtained  on  N- 
channel  devices. 

The  enhancements  for  the  case  of  depletion  mode 
transistors  with  volume  accumulation  are  the  same  than  those  of 
the  simulated  characteristics. 


-1 

vB,  m 


Figure  4 

Fypfrimennl  I-V  characteristics  (a)  and  transconductance  (b) 
for  •  P-channel  transistor  made  on  SIMOX. 
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For  practical  applications  of  VI-MOSFETs  (or  VA- 
MOSFETs),  to  overcome  the  limitation  doe  to  the  use  of  the 
substrate  as  a  unique  secondary  gate,  the  double  SIMOX 
structure  obtained  by  two  oxygen  implants  [3]  can  be  proposed 
(see  insert  of  Fig.4b).  By  dd*  way,  a  silicon  taper,  lying  between 
the  two  burned  oxides,  it  formed  and  acts  indeed  at  a  gate. 
Segregation  of  the  secondary  gates  of  various  Vl-MOSFETa  is 
made  by  oxidizing  the  unuseful  portion  of  this  film  (by  simple 
adjustement  of  the  oxygen  implantation)  or  by  etching. 

On  the  other  hand,  to  decrease  the  voltages  applied  on  the 
back  gate,  the  difference  in  thickness  between  the  gate  and 
burned  oxide  can  be  reduced.  An  other  solution  is  to  scale  down 
the  biases  of  VLSI  circuits. 

4.  CONCLUSION 

In  conclusion,  the  transistor  performances  have  been 
improved  using  tbe  new  principle  of  double  gate  control  of  VI- 
MOSFETs  or  VA-MOSFETs.  The  experimental  enhancements 
(current,  transconductance  and  subthreshold  swing  gains)  are  in 
agreement  with  our  theoretical  calculations. 
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Nanjing  210018,  Chine 


This  paper  presents  a  high  perforaanoe  Coapleaentary  Buried  Channel  PET 
device  isolated  by  high  quality  silicon  dioxide  layer  using  Silicon  wa¬ 
fer  Direct  Bonding  technology  (SDB/CBCPBT).  The  structure  and  operational 
principle  of  this  device  is  discussed.  The  properties  of  an  lap roved  SDB 
process  is  investigated.  By  Beans  of  2D  nuaerioal  simulation,  effects  of 
interface  charge  density  of  bonding  interface  and  SOI  layer-3102  inter¬ 
face  on  threshold  voltage  and  the  threshold  voltage  shift  in  subaioron 
geoaetry  are  analysed.  The  perforaanoe  of  subaioron  3DB/CBCFET  device 
and  oirouits  is  evaluated.  The  results  indioate  that  SDB/CBCPBT  devioe 
is  superior  to  bulk  CMOS  and  SOI/CMOS  in  speed,  switching  energy,  ooa- 
plexity,  reliability  and  saall  sise  effects  as  devioe  sixe  decreases 


into  subaioron  diaension. 

1.  INTRODUCTION 

The  dominant  technology  used  in  mo¬ 
dern  VLSI  digital  systea  is  bulk  CMOS. 

The  developaent  of  bulk  CMOS  has  bean 
supported  priaarily  by  rapidly  decrea¬ 
sing  feature  sise  in  the  oirouits.  How¬ 
ever,  as  bulk  CMOS  technology  advances 
into  subaioron  diaension,  several  liai- 
tations  have  beooae  apparent!  ooaplex 
process  sequences,  significant  short 
channel  effects  and  serious  interaction 
between  neiboring  devices.  These  nega¬ 
tive  effects  have  Halted  CMOS  to  ia- 
prove  Its  perforaanoe  by  further  soal- 
ling.  Silioon-On-Insulator  CMOS  tech¬ 
nique  offers  an  attractive  alternative 
by  providing  slaple  devioe  fabrication 
sequences,  improved  short  ohannel  effects 
and  no  latoh  up  problems.  However,  the 
poor  quality  of  SOI  substrate  by  conven¬ 
tional  techniques  such  as  SIMOX,  laser 
anealling  etc.  and  SOI  versions  of  cor¬ 
responding  bulk  CMOS  device  have  Halted 
better  use  of  SOI  potential  advantages. 
Moreover,  the  negative  effeots  of  CMOS 
devioe  can  not  be  effectively  suppressed. 
In  recent  report  (1),  we  investigated  a 
high  quality  SOI  substrate  technology 


(SDB)  whioh  shows  that  the  quality  of 
SOI  layer  and  the  underlying  3102  layer 
is  not  degraded  from  its  original  "bulk" 
quality.  Based  on  the  characteristics 
of  this  technology,  we  propose  a  new 
ooaplaaentary  buried  ohannel  device 
whioh  has  higher  bulk  nobility,  auoh 
smaller  short  ohannel  effeots  and  high¬ 
er  performance  than  bulk  CMOS  and 
SOI/CMOS. 

In  this  paper,  the  structure  and 
operational  principle  of  SDB/CBCPBT  is 
described,  its  saall  sise  effeots  and 
its  devloe/olrouits  perforaanoe  are 
dlaoussed  by  means  of  2D  numerical 
simulation  and  analysis  aodela. 

2.  DEVICE  STRUCTURE 

SDB/CBCPBT  is  characterised  as  a  oca- 
pound  structure  of  MS3PET  and  MOSPBT 
(see  Ptg.l).  In  its  lateral  direction, 
SDB/CBCPBT  has  the  same  doping  type  for 
souroe,  gate  and  drain  which  is  siadlar 
to  KBS PET,  while  in  its  vertioal  direc¬ 
tion,  SDB/CBCPBT  eaployes  poly- Si  and 
S102  layer  as  its  gate  which  is  identi¬ 
cal  to  that  of  NOSFBT.  By  adjusting 
doping  concentration  of  both  poly-31 
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mm  Si02  E23  Poly-Si 


gat*  and  ohannel  region,  a*  well  aa  **- 
looting  proper  3102  thioknoaa,  tha  p 
obannal  and  tha  a  obannal  devio*  oaa  both 
ba  hold  in  deop  depletion  at  sere  gat* 
bias  and  no  null?  off  oharaotorlatioa 
both  for  n  ohanael  and  p  obannal  devioo 
oan  be  obtained.  Therefore,  an  n  obannal 
devio*  and  a  p  obannal  devio*  of  thia 
type  atruotur*  oan  fon  a  basio  ooaple- 
■ant ary  inverter. ( aoo  Pig. 

2.1.  Properties  of  SOB  Substrate 

An  SOB  teohnology  has  been  developed. 
The  bonding  prooess  adopted  in  our  work 
involves  the  following  aiin  prooess  se- 
quanoasi  the  two  Mirror  polished  wafers 
oxided  in  wet  oxyen,  the  wafers  treated 
in  aoid  solution,  the  wafers  oontaoted 
fao*  to  fao*  put  into  a  12  anbient  at 
1050C*  for  about  1  hour  forming  the  SOI 
substrate.  The  niorostruotur*  and  eleo- 
trioal  properties  of  the  SOI  substrata 
using  thia  3DB  teohnology  have  boon  ex¬ 
tensively  studied  by  TEH  and  DLT3  analy¬ 
sis.  The  experiment  roaults  show  that 
dislocations  arc  concentrated  on  the  book 
side  of  tha  substrate  and  no  additional 
dofoots  have  been  developed  within  80ua 
froa  3102-3102  bonding  area.  Therefor* 
the  interface  charge  density  between  SOX 
layer  and  underlying  3102  is  no  nor*  than 
tha  interfae*  charge  density  between  oon- 
ventional  bulk  sill  eon  and  t hemal  oxida¬ 
tion  layer.  Both  hole  and  electron  nobi¬ 
lities  are  measured  using  Van  Der  Paw  me¬ 
thod.  The  results  show  that  hole  and  ale- 
otron  mobility  of  the  SOI  substrate  are 
3690a  /vs  and  1079oa  /vs  respectively 
which  is  alaost  identical  to  that  in  ori¬ 
ginal  bulk  sill eon.  Sinoe  the  quality  of 
801  substrate  by  3DB  teohnology  is  not 
degraded  from  its  original  "bulk”  silloon 
quality,  this  SOI  substrate  is  very  sui¬ 
table  for  CBCPIT  devio*  atruotur*. 

2.2.  features  of  GBCVR 

In  oontrast  to  conventional  CMOS,  SOB/ 


bonding 

interface 


Plg.l  t  Cross-Seotional  view  of  3DB/CBC 
PET  configuration 

CBCPET  has  no  p-n  junctions  at  source 
and  drain  region.  Thus,  a  significant 
reduction  of  email  sis*  offsets  is  achie¬ 
ved  resulting  in  much  less  threshold  vol¬ 
tage  shift.  Improved  punohthrough  resis¬ 
tance,  and  higher  performance. 

Channel  oarrier  mobility  in  3DB/CBCFBT 
is  high  due  to  its  buried  channel  nature. 
Furthermore,  the  low  ohannel  doping  oon- 
oentration  and  the  low  threshold  voltage 
is  responsible  for  high  speed  and  low 
power  consumption  of  3DB/CBCPBT  due  to 
its  low  logioal  voltage  swing,  low  sup¬ 
ply  voltage  and  high  bulk  mobility. 

3.  DEVICE  CHARACTERISTICS 

The  2D  nuaerioal  simulation  results 
show  that  the  interfao*  oharaoteri sties 
of  SOX  layer-underlying  Si02  intorfaoe 
deeply  affeot  devio*  properties.  If  the 
interface  ohargo  density  is  large  and 
the  thiokness  of  SOX  layer  is  thin,  for 
the  n  obannal  devio*,  noraally-off  oper¬ 
ation  ohanges  into  noraally-on  operation 
and  for  the  p  obannal  devio*,  it  is  in 
deep  depletion  status  which  increases 
its  threshold  voltage  greatly.  Plg.2A 
shows  threshold  voltage  vs.  SOX  layer- 
underlying  Si 02  interfaoe  obarge  density 
for  n  ohannel  devio*  with  various  SOI 
layer  thiokness.  Plg.2B  shows  the  rela¬ 
tion  between  n  ohannel  threshold  voltage 


INTERFACE  CHARGE  DENSITY ( ow*) 
Fig.  2 

>  ohannel  threshold  voltage  shift  vs. 
intsrfsos  ohsrgs  density  with  0.5um  ohsn- 
nsl  length,  0.78V  fist  band  voltage  and 

IV  supply  voltage  for  A:  SOI  layer- under¬ 
lying  Si 02  interfaoe  with  various  SOI 
thickness,  Bs  Si 02- 3102  bonding  interfaoe 
with  various  Si02  thickness. 

and  bonding  interfaoe  oharge  density  for 
various  underlying  3102  layer  thickness. 
From  Plg.2B  we  can  conclude  that  as  long 

as  the  thickness  of  underlying  S102  is 
larger  than  0. 5um,  the  bonding  interfaoe 
oharge  density  will  alaoct  not  affect  the 
threahold  voltage  of  SDB/CBCFST. 

Fig. 3A&B  shows  2D  doping  concentration 
distrabutlon  of  n  channel  devioe  (at  0.3 

V  threshold  voltage)  and  p  channel  device 
(at  -0.3 V  threshold  voltage).  It  is  found 
that  both  devioes  show  noxmally-off  oper¬ 
ation  and  snail  punchthrough  effects. 

Threshold  voltage  shift  as  a  function 
of  effective  channel  length  for  n  ohan- 
nel  devioe  is  shown  in  Fig. 4.  The  amount 
of  threshold  voltage  shift  of  3DB/CBCP8T 
determined  by  2D  numerioal  simulation  is 
oeag>ared  with  that  of  bulk  CMOS  and  that 
of  SOI /CMOS  (2).  It  is  shown  that  for  the 
subaioron  devioe,  the  threshold  voltage 


Fig. 3  t  2D  doping  oonoentration  distra- 
bution  of  n  channel  devioe  (at  o.3V  thre¬ 
shold  voltage)  (A)  and  p  ohannel  devioe 
(at  -0.3V  threshold  voltage)  (B)  with  0.3 
uw  ohannel  length,  0.7BV  flat  band  vol-  . 
tags,  5x10 c&nterf ace  charge  density  and 
1.0V  supply  voltage. 


A  Vt 
(v) 
0.0 

-0.2 


0.4 


0.0  0.2  0.4  0.0  2  4  6 

CHANNEL  LENGTH  (taa) 


Fig. 4  i  Threshold  voltage  shift  of  n 
ohannel  devioe  vs.  ohannel  length,  with 
0.78V  flat  band  voltage,  5xltfaftnterfaoe 
oharge  density  and  1.0V  supply  voltage. 


shift  of  n  ohannel  devioe  of  SDB/CBCF1T 
is  much  aealler  than  that  of  CMOS  devioe 
structure.  The  2D  numerical  analysis  ex¬ 
plains  the  physical  origin  of  the  dif¬ 
ference  between  bulk  CMOS,  SOI/CMOS  and 
SDB/OBCFR.  For  3DB/CBCFIT.  absence  of 
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TABLE  1 


L 

d 

Id 

un/up 

Vtn/Vtp 

Vd 

T  E 

(urn) 

(urn) 

(cm*8  ) 

(om'/vs) 

(v) 

<») 

(ps)  <«) 

Bulk  CMOS 

0.65 

5 

lxio" 

455/212 

0.7/-0.5 

5 

460  >  100 

SOI/CMOS 

0.6 

0.5 

1x10* 

680/260 

0.4/-0.4 

5 

95  >  50 

SDB/CBCFBT 

0.5 

0.3 

1x10* 

1079/569 

0.3/-0.3 

1 

5.5  3.96 

Where  Li  ohannel  length}  dt  thiokness  of  SI  layer;  Ids  doping  concentration  of 
active  region;  unAupt  mobility  of  n  channel  A  p  ohannel  devioe*  VtnAVtpt  thre¬ 
shold  voltage  of  a  ohannel  A  p  ohannel  device}  Vdt  supply  voltage*  Tt  delay  tine 
per  gate  of  ring  osillator)  Kt  switching  energy. 


p-n  junction  at  aouroe  and  drain,  small 
ohannel  depletion  oharge  due  to  low  chan¬ 
nel  doping  and  thin  SOI  layer  contribute 
to  amah  less  threshold  voltage  shift. 

4.  CIRCUIT  FBRFORMAICS 

In  order  to  show  the  iagsortant  chara¬ 
cteristics  of  SDB/CBCFET  devioe  and  cir¬ 
cuits,  we  have  designed  a  ring  oaillator 
oompoaed  of  SDB/CBCFET  device,  optimised 
design  parameters  and  evaluated  ring  osi¬ 
llator  perfonaanoe  (see  Table  1).  The  re¬ 
sults  indicate  that  tha  3DB/CBCFKT  is  su¬ 
perior  to  bulk  CMOS  (3)  and  SOI/CMOS  (4) 
in  speed,  switching  energy  and  power  dis¬ 
sipation  as  devioe  sise  advances  into 
subnioron  dimension. 

5.  COBCUTSIOl 

A  new  high  perfonaanoe  complementary 
buried  ohannel  device  isolated  by  high 
quality  3102  layer  using  3DB  technology 
has  been  presented.  The  characteristics 
of  tha  devioe  and  performance  of  tha  cir¬ 
cuits  have  been  evaluated.  Following 
results  are  obtained i  1)  simple  prooeas 
sequences,  high  carrier  mobility  and 
small  interface  charge  density  of  SOI 
lsyer  by  SUB  technology,  2)  small  thre¬ 
shold  voltage  shift  for  both  n  channel 
and  p  ohannel  devioe,  3)  high  speed,  low 
power,  high  reliability  and  complexity 
of  this  complementary  devioe.  The  results 


indicate  that  SDB/CBCFET  is  a  potential 
candidate  for  very  high  perfomanoe  VLSI 
digital  system. 
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An  accurate  three-dimensional  simulation  program  for  MOSFET  devices  has  been  de¬ 
veloped  by  extending  MINIMOS  (vers.  4)  in  3D.  The  physical  model  is  based  on  the  ’hot- 
electron-transport  model’,  which  includes  the  Poisson  equation,  the  continuity  equations 
and  a  selfconsistent  set  of  equations  for  the  currents ,  mobilities  and  carrier  temperatures. 
The  standard  finite  difference  discretization  and  the  SOR  (successive  over  relaxation) 
method  are  utilized  to  reduce  computational  time  and  memory  requirements.  Adaptive 
grid  refinement  is  used  to  equidistribute  the  discretization  errors.  Three-dimensional 
effects  like  threshold  shift  for  small  channel  devices,  channel  narrowing  and  the  accumu¬ 
lation  of  carriers  at  the  channel  edge  have  been  successfully  modeled.  Our  comparison  of 
several  MOSFET’s  make  clear  that  three-dimensional  calculations  are  most  important 
for  accurate  device  modeling. 


I  Introduction 

The  shrinking  dimensions  of  the  elements  of  IC’s 
require  for  accurate  simulation  suitable  device  models 
in  physics  and  mathematics.  The  two-dimensional  de¬ 
vice  simulations  performed  in  earlier  times  described 
the  electrical  characteristics  for  large  transistors  well 
but  the  advanced  VLSI  technology  led  to  serious  prob¬ 
lems  in  modeling  such  devices  and  therefore  a  great 
demand  appeared  for  3D  simulations. 

The  three-dimensional  effects  in  MOSFETs  like  the 
increasing  threshold  voltage  and  the  shift  of  the  break¬ 
down  voltage  caused  by  the  finite  channel  width  are 
not  taken  into  account  by  the  two-dimensional  simu¬ 
lations  (1);  the  2D  programs  are  meanwhile  state  of  the 
art.  Accurate  investigations  of  the  previously  stated 
effects  and  the  knowledge  of  increased  current  densities 
under  certain  bias  conditions  at  the  channel  edge  are 
important  not  only  for  studying  the  electrical  device 
characteristics  but  also  for  aging  effects  (2j-(3|.  There¬ 
fore  we  have  extended  the  two-dimensional  MINIMOS 
to  a  three-dimensional  simulation  program.  A  realistic 
physical  model  and  suitable  mathematical  algorithms 
have  been  developed  to  simulate  the  previously  stated 
three-dimensional  effects. 

We  shall  report  in  Chapter  2  about  the  physics  and 


the  mathematics  on  which  the  simulations  are  based. 

The  results  of  our  simulations  carried  out  by 
3D  MINIMOS  are  reported  in  Chapter  3  and  will  be 
discussed  there,  too.  We  shall  show  that  the  three- 
dimensional  simulations  are  indispensable  for  the  ad¬ 
vance  from  VLSI-  to  ULSI  technology. 

2  The  Physical  Model  and  the 
Mathematical  Algorithms  for 
the  Three-Dimensional  Sim¬ 
ulation 

The  physical  model  for  the  simulation  program  is 
given  by  the  Poisson  and  the  continuity  equations  and 
the  drift-diffusions  model  for  the  carrier  current  den¬ 


sities. 

div  grad  ip  = -(n  -  p  -  C)  (1) 

div  Jn  =  qR  (2) 

div  Jp  =  -qR  (3) 

Jn  =  ~Wn(n  grad  ip  -  grad  (Ut,n))  (4) 

Jp  =  -?MP(p  !>rad  tp  +  grad  (Ut)tp))  (5) 


The  Poisson  equation  (1)  will  always  be  solved  fully 
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three-dimensional ty ;  the  continuity  equations  (2)  and 
(3)  at  the  first  level  of  sophistication  are  solved  two- 
dimensionalty  in  the  middle  of  the  channel  width.  The 
carrier  distribution  in  the  whole  volume  will  be  calcu¬ 
lated  by  the  assumption  of  negligible  current  flow  in 
the  third  direction  Jn,  -  Jp,  -  0.  Assuming  the  va¬ 
lidity  of  Boltzmann  statistics  the  previous  statement 
is  equal  to  constant  quasi  Fermi  levels  in  the  direction 
of  the  channel  width 

d<Pn  _  &£p  _Q 
dz  dz 

So  we  can  write 

=  nx,y,“  ■  «*P(-  If  ■  (Vz.y,  ”  ~  0*,y,*))  (6) 

Px.y r,»  =  P*,y,f  •  «*P(+^r  •  -  V>x,y .*))  (7) 

The  index  j  denotes  the  middle  of  the  channel  width. 

The  second  level  of  sophistication  is  obtained  by  as¬ 
suming  negligible  current  flow  in  the  third  dimension 
for  the  majorities  and  solving  the  continuity  equation 
for  the  minorities  fully  three-dimensionally. 

The  third  level  is  the  fully  three-dimensional  solu¬ 
tion  of  the  continuity  equations  for  both  the  minorities 
and  the  majorities. 

For  solving  the  previously  specified  set  of  equa¬ 
tions  we  apply  for  discretization  the  standard  finite 
difference  method.  The  grid  generation  will  be  per¬ 
formed  by  an  automatic  mesh  refinement  algorithm 
which  equidistributes  the  discretization  error. 

The  linearized  equations  are  essentially  solved  with 
an  iterative  algorithm.  In  our  case  we  apply  the  SOR 
(Successive  Over  relaxation  )  method.  The  general 
iterative  algorithm: 

B  ■  *<B+11  =  (B  -  A)  •  z<B>  +  b 

is  solved  with  the  matrix  B  ~  ( £ -D- L).  D  is  the  diag¬ 
onal  part  of  A  which  is  transformed  to  the  unity  matrix 
while  L  is  the  lower  triangular  part  of  A.  With  respect 
to  the  special  linearization  method  one  unknown  re¬ 
duces  to: 


=  (1  _„).*<") +w(4i- 


>+i) 


(»+l) 


-*,_I  *i-Nic  *i-NX~ 

(n+1) 

-ti-NXY^-NXY- 
(n)  (n) 

"  *.+1  •  ®»+l  -  xi+NX  '  “H  NX- 
» 


(®) 


“  xi+NXY  -  ai+NXY) 

in  which  «  =  1...NX  ■  NY  ■  NZ  (  NX  points  in 
z— direction,  NY  points  in  y- direction  and  NZ  points 
in  z— direction). 

The  advantage  of  this  method  is  given  by  the  small 
amount  of  memory  requirement,  precondition  work 
and  relatively  fast  convergency,as  well.  Through  an 
adaptive  determination  algorithm  for  the  optimum  re¬ 
laxation  factor  uj  we  use  only  a  moderate  amount  of 
CPU  time  (5).  The  system  of  the  coupled  nonlinear 
difference  equations  are  solved  with  Gummel’s  itera¬ 
tive  method. 


3  The  Numerical  Results  and 
Discussion 


With  the  previously  given  physical  model  a  three- 
dimensional  MOSFET  simulation  program  has  been 
developed.  We  have  investigated  several  MOSFETs 
with  this  program,  two  of  the  investigated  devices  are 
presented  in  comparison  and  the  results  discussed. 

Both  investigated  devices  are  of  the  same  geomet¬ 
rical  shape  and  dimensions  (Fig.  1  and  Fig.  2)  except 
the  channel  lengths  which  are  5/im  and  Ifim  for  of 
device  1  and  2, respectively.  The  channel  widths  are 
1  nm  ,the  gate  oxide  thickness  15nm,  the  substrate 
doping  2-  1016cm"3  and  the  source/drain  doping  1.69- 
10J0cm-3.  In  Fig.  1  and  Fig.  2  the  field  oxide  which 
limites  the  channel  in  the  third  dimension,  can  be  seen 
at  the  backside  of  the  MOS  model.  The  contacts  of 
source  and  drain  which  are  left  and  right  in  the  figures 
1  and  2,  extend  over  the  channel  width,  whereas  the 
gate  contact  covers  the  channel  and  the  field  oxide. 
The  shape  of  the  field  oxide  in  our  case  is  approxi¬ 
mated  by  a  rectangular  geometry. 

The  potential  distribution  at  the  bias  condition 
Ups  =  2.0V,  Ugs  =  0.0V  and  Ups  —  3  0V  can  be 
seen  in  Fig.  3  and  Fig.  4.  The  threshold  voltages 


Fig.l:  Perspective  view  of  the  three-dimensional  MOS- 
FET  structure  with  channel  length  of  5pm  and 
channel  width  of  1pm. 


Fig-3:  3D-plot  showing  a  detailed  view  of  the  surface 
potential  at  the  channel  edge  along  the  channel 
length  for  device  1  at  bias  Upg  =  2.0 V,Ugg  = 
0.0V,U(;g  =  3.0V. 


Fig. 5:  3D-plot  showing  a  detailed  view  of  the  minority 
density  at  the  channel  edge  along  the  channel 
length  for  device  1  at  bias  Upg  —  ‘Z.QV,Ugg  — 
0.0  VMgs  =  3.0V. 


Fig.2:  Perspective  view  of  the  three-dimensional  MOS- 
FET  structure  with  channel  length  of  1pm  and 


Fig.4:  3D-plot  showing  a  detailed  view  of  the  surface 
potential  at  the  channel  edge  along  the  channel 
length  for  device  2  at  bias  Upg  —  2.0 V,Upg  - 


Fig.6:  3D-plot  showing  a  detailed  view  of  the  minority 
density  at  the  channel  edge  along  the  channel 
length  for  device  2  at  bias  Upg  =  2.0V,  Upg  - 
0.0V,  Uas  =  3.0  V. 


are  Ut\  =  0.74V  and  Ut/,  —  0.62V  for  device  1  and 
2,  respectively.  That  means  that  we  are  far  above 
threshold.  Note  the  strong  increase  of  the  potential  in 
the  field  oxide.  The  minority  (electron)  distributions 
(Fig.  5  and  Fig.  6),  show  a  very  interesting  effect.  The 
carrier  densities  in  the  short  channel  MOSFET  (device 
2)  is  much  higher  compared  to  that  of  the  long  channel 
MOSFET  (device  1).  The  accumulation  of  the  minori¬ 
ties  at  the  channel  edge  at  the  given  bias  condition  is 
based  on  the  limitation  of  the  channel  width  and  the 
high  potential  in  the  oxide  region.  In  the  subthresh¬ 
old  region  this  effect  will  change  into  its  opposite.  The 
currents  calculated  by  two-dimensional  simulations  at 
the  previously  described  bias  conditions  will  be  much 
smaller  compared  to  that  of  three-dimensional  simu¬ 
lations.  These  effects  increase  with  shrinking  device 
dimensions.  Both  short  and  small  channel  devices  will 
be  very  sensitive  on  geometrical  changes  in  respect  to 
their  electrical  characteristics.  Especially  we  expect 
that  the  increase  of  minorities  at  the  channel  edge  in¬ 
fluences  the  reliability  and  safety  of  devices. 

Not  only  the  previously  discussed  effects  but  also 
other  three-dimensional  effects  like  the  shift  of  the 
threshold  voltage  and  the  increased  breakdown  volt¬ 
age  at  small  channel  MOSFETs  have  been  simulated 
with  our  program.  All  these  effects  are  known  from 
theory  and  from  practical  measurement  but  not  satis¬ 
factorily  modeled  until  now. 

Acknowledgement 

This  work  was  supported  by  the  research  laborato¬ 
ries  of  SIEMENS  AG  at  Munich,  FRG,  by  DIGITAL 
EQUIPMENT  CORP.  at  Hudson,  USA,  and  by  the 
”  Fonda  zur  Forderung  der  wissenschaftlichen  Forsch- 
ung",  project  S43/10.  We  are  indepted  to  Prof.  H. 
Potzl  for  many  helpful  discussions. 


References: 

[1]  S.M.  Sze,  Physics  of  semiconductor  devices,  ISBN 
0-471-09837-X,  John  Wiley  &  sons,  1981 

[2]  S.M.  Sze,  VLSI-Technology,  ISBN  0-07-062686-3, 
McGraw-Hill,  1983 

[3]  T.  Iizuka.K.Y.  Chiu,  and  J.L.  Moll,  Double  thresh¬ 
old  MOSFETs  in  bird’s-beak  free  structures,  IEEE 
Int.  Electron  Device  Meet., Wash. ,D.C.,  1981,  p. 
380 

[4]  L.A.  Hageman, Franklin  T.  Luk, David  M.  Young, 
On  the  equivalence  of  certain  iterative  accelera¬ 
tion  methods,  SIAM  J.NUMER.ANAL.,  pp  852- 
873,  vol,  17  No.  6,  Dec  1980 

[5]  R.G.  Grimes, D.R.  Kincaid, D.M.  Young,  ITPACK 
2A  -  A  fortran  implementation  of  adaptive  acceler¬ 
ated  iterative  methods  for  solving  large  sparse  lin¬ 
ear  systems,  Report  CNA-164,  Center  for  numeri¬ 
cal  analysis,  University  of  texas  at  Austin,  1980 

[6]  S.  Selberherr,  The  status  of  MINIMOS,  Proc.  Sim¬ 
ulation  of  semiconductor  devices  and  processes,  pp 
2-15,  Swansea,  1986 

(7|  S.  Selberherr,  Analysis  and  simulation  of  semicon¬ 
ductor  devices  ,  ISBN  3-211-81800-6,  Springer, 
WIEN  NEW- YORK,  1984 

(8)  O.  Axelsson,  Solution  of  linear  systems  of  equa- 
tions;Iterative  methods,  Lecture  notes  in  mathe¬ 
matics  574,  SMT,  1976 


412 


C2.2.2 


THREE-DIMENSIONAL  SIMULATION  OF  A  NARROW-WIDTH  MOSFET 

P.  Ciampolini,  A.  Gaudi,  R.  Guerrieri,  M.  Rud an  and  G.  Baecarani 

Dipart  imanto  di  Elettronica,  University  di  Bologna 
viale  Risorgimento  2,  40136  Bologna,  Italy 


Abstract 

In  this  paper  we  illustrate  the  main  features  of  a  general-purpose  three-dimensional  device¬ 
analysis  program,  HF1ELDS-3D,  developed  at  the  University  of  Bologna  in  the  context 
of  an  EEC-supported  ESPRIT  Project.  The  program  employs  triangular-based  prismatic 
elements,  which  provide  a  reasonable  compromise  between  simplicity  and  Bexibility,  but  it 
is  not  otherwise  limited  to  any  speciBc  device  structure.  In  the  present  implementation,  the 
program  handles  Poisson  and  one-carrier  continuity  equation,  which  allows  for  the  simulation 
of  unipolar  devices.  As  an  example,  a  typical  3-D  problem,  the  narrow-width  effect,  is 
investigated  using  a  realistic  device  structure  fully  accounting  for  the  typical  bird’s  beak. 
It  is  shown  that  not  only  the  threshold  voltage,  but  also  the  gain  factor,  and  therefore  the 
device  transconductance,  are  affected  by  the  narrow-width  effect. 


1.  Introduction 

Numerical  simulation  of  semiconductor  devices  in 
two  dimensions  is  nowadays  a  well-established  tech¬ 
nique  for  the  design  of  advanced  electronic  components 
and  processes.  As  device  miniaturization  progresses  to¬ 
ward  submicron  feature  sizes,  however,  3-D  effects  are 
getting  more  and  more  important  even  for  nomin ally- 
standard  planar  devices,  thus  making  two-dimensional 
simulation  codes  inadequate  for  predicting  device  per¬ 
formance.  In  addition,  increasingly  complex  device  ge¬ 
ometries  are  being  devised,  such  as  the  buried-electrode 
dynamic  RAM  cell,  currently  used  in  high-capacity 
memory  devices,  the  floating-gate  EPROM  cell,  and 
the  IJL  NOR  gate,  which  are  inherently  three  dimen¬ 
sional.  All  the  above  devices  can  only  be  simulated  by 
means  of  3-D  device-analysis  programs. 

Most  of  the  activity  reported  so  far  in  this  field  has 
been  performed  in  Japan  [1-3]  and,  to  a  lesser  extent, 
in  the  United  States  (4|.  In  this  paper  we  illustrate  the 
main  features  of  a  general-purpose  three-dimensional 
code,  HFIELDS-3D,  developed  at  the  University  of 
Bologna  in  the  context  of  an  EEC-supported  ESPRIT 
Project,  and  show  how  such  a  code  can  be  profitably 
used  to  investigate  a  classical  three-dimensional  prob¬ 
lem,  i.e.  the  narrow-width  effect  in  MOSFET’s. 

The  program  employs  triangular-based  prismatic 
elements,  which  allow  for  a  reasonable  compromise  be¬ 
tween  geometrical  flexibility  and  simplicity  of  imple¬ 
mentation,  but  it  is  by  no  means  restricted  to  any  spe¬ 
cific  device  structure.  In  the  present  stage  of  develop¬ 
ment,  only  Poisson  and  one  carrier-continuity  equation 
are  solved,  thus  making  the  program  suitable  for  the 
simulation  of  unipolar  devices. 

The  next  section  discusses  the  fundamental  choices 


of  the  present  project,  and  provides  some  details  on  the 
software  implementation  of  the  program.  Numerical 
results  are  illustrated  in  section  3  and  conclusions  are 
drawn  in  section  4. 

2.  Features  of  the  program 

HFIELDS-3D  allows  up  to  ten  semiconductor  and 
insulator  regions,  which  can  be  either  simply  or  multi¬ 
ply  connected.  An  equal  number  of  insulator-semicon¬ 
ductor  interfaces,  ohmic  contacts,  gates  and  floating 
gates  are  allowed.  Thus,  rather  complex  device  struc¬ 
tures  can  be  accommodated  by  the  program. 

As  already  anticipated,  HFIELDS-3D  employs  a 
triangular-based  prismatic-element  mesh  which,  in  the 
authors’  opinion,  is  flexible  enough  from  the  geomet¬ 
rical  standpoint  for  most  practical  applications,  while 
still  having  a  number  of  implementation  advantages 
over  tetrahedral  meshes: 

•  The  problem  of  properly  defining  the  control  vol¬ 
umes  associated  with  the  nodes  of  general  tetra- 
hedra  is  still  largely  unsolved  or,  at  least,  insuffi¬ 
ciently  tested.  As  a  result,  some  ripple  could  be 
expected  in  the  resulting  solution. 

•  The  problem  of  generating  tetrahedral  meshes  in 
three  dimensions  which  take  real  advantage  of  the 
potential  flexibility  of  these  elements  (i.e.  without 
converting  prisms  into  tetrahedra)  is  a  very  hard 
task.  On  the  other  hand,  generating  a  prismatic- 
element  mesh  can  be  easily  accomplished  by  sim¬ 
ply  replicating  a  triangular  mesh  in  the  third  di¬ 
mension.  It  should  be  noticed  that  the  above  pro¬ 
cedure  does  not  imply  a  geometrical  uniformity  of 
the  simulated  device  in  the  third  dimension,  but 
it  requires  step-like  changes. 
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In  its  present  implementation  the  program  han¬ 
dles  Poisson  and  one  carrier  continuity  equation  (elec¬ 
trons),  which  an  solved  using  the  Gummel  [5]  suc¬ 
cessive  procedure.  The  adopted  discretisation  scheme 
is  the  well-known  "box  integration  method" ,  whereby 
each  node  is  allocated  a  control  volume  which,  in  our 
case,  is  still  a  prism.  Poisson’s  equation  is  discretised 
assuming  a  piecewise  linear  approximation  for  the  elec¬ 
tric  potential  along  the  mesh  lines,  and  a  three-dimen¬ 
sional  generalisation  of  the  Sharfetter-Gummel  scheme 
[6]  is  used  to  discretise  the  current-continuity  equa¬ 
tions.  The  discretisation  procedure  of  Poisson’s  equa¬ 
tion  leads  to  a  set  of  N  non-linear  algebraic  equations, 
while  the  corrent-continuity  equation  leads  to  a  linear 
system  (if  the  dependence  of  the  carrier  mobility  upon 
carrier  concentration  is  neglected). 

For  the  solution  of  the  linear  system,  we  employ 
the  ICCG  method  for  Poisson’s  equation,  and  a  di¬ 
rect  solver  for  the  current-continuity  equation.  Parallel 
techniques  are  currently  being  investigated  for  a  sub¬ 
sequent  vector-processor  implementation  of  the  code. 

3.  The  narrow-width  MOSFET 

Several  authors  [7,8]  have  published  experimen¬ 
tal  and/or  theoretical  results  on  narrow-width  MOS- 
FET’s.  From  the  above  papers,  one  can  infer  that  the 
most  important  narrow-width  effect  is  an  increase  of 
the  threshold  voltage  as  the  channel  width  becomes 
narrower. 

We  have  simulated  the  electrical  properties  of  a 
narrow-width  MOSFET  having  a  fixed,  nominal  chan¬ 
nel  length  L  —  1.0  /on  and  a  nominal  channel  width  W 
ranging  from  0.4  (im  to  2.8  pm.  The  mesh  of  one  of  the 
above  devices  is  shown  in  fig.  1:  due  to  the  simmetry 
of  the  structure,  only  half  of  the  device  is  actually  con¬ 
sidered.  The  “bird’s  beak"  at  the  transition  between 
the  channel  and  the  field  regions  is  carefully  described 
on  the  front  plane  in  order  to  take  full  advantage  of 
the  flexibility  of  the  triangular  mesh;  so  doing,  current 
flow  occurs  mainly  in  the  third  direction,  i.e.  normal 
to  the  front  plane. 

The  2-D  mesh  is  replicated  in  the  third  dimension, 
where  19  planes  are  accommodated,  with  slight  mod¬ 
ifications  which  account  for  the  structural  changes  of 
the  MOSFET  (transitions  between  the  source-gate  and 
gate-drain  regions).  The  whole  mesh  comprises  2,565 
nodes  and  4,158  prisms. 

The  impurity  concentration  is  input  via  analytical 
expressions  reasonably  accounting  for  source  and  drain 
diffusions,  channel  implant  and  channel-stop  diffusion. 
The  channel  implant  was  designed  to  give  a  threshold 
voltage  VT  —  0.7  V. 

All  simulations  were  carried  out  on  a  Micro  VAX- 
GPX  work  station,  and  the  average  CPU  time  required 
was  about  1.5  hours  per  bias  point. 

Figure  2  shows  a  perspective  plot  of  the  equilib¬ 


rium  potential  in  the  plane  normal  to  the  X-axis,  lo¬ 
cated  at  the  field-oxide  silicon  interface.  The  two  upper 
“plateau”  represent  the  source  and  drain  regions,  and 
the  channel  appears  as  a  saddle  between  them.  Figure 
3  shows  instead  the  electric  potential  in  the  parallel 
plane  located  at  the  gate-oxide  silicon  interface.  The 
ridge  at  the  periphery  of  the  channel  is  due  to  the  pen¬ 
etration  of  the  device  cross  section  into  the  oxide  and 
not  to  an  actual  increase  of  the  electric  potential  at 
the  Si-SiOj  interface.  Rather,  the  fringing  field  arising 
from  the  field-oxide  penetrates  in  the  channel  region, 
causing  a  decrease  of  the  electric  potential  at  its  edges 
and  thus  reducing  the  effective  inversion  layer  width. 
Consequently,  when  applying  a  drain-source  voltage,  a 
corresponding  decrease  in  the  corrent  flowing  along  the 
channel  is  to  be  found. 

In  order  to  highlight  this  effect,  some  comparisons 
with  2D  results  have  been  made:  a  corresponding  pla¬ 
nar  device  has  been  simulated  neglecting  the  field  ox¬ 
ide  and  the  bird’s  beak,  and  assuming  equal  channel 
widths.  Figure  4  shows  the  simulated  turn-on  charac¬ 
teristics  of  the  2-D  and  3-D  MOSFET’s  for  three  differ¬ 
ent  values  of  the  channel  width,  namely  W  —  0.4  pm, 
W  =  1.2  pm  and  W  =  2.8  pm,  respectively.  The  drain- 
source  voltage  Vos  =  0.1  V  in  these  simulations.  The 
figure  shows  that  the  2-D  MOSFET  systematically  pro¬ 
vides  a  larger  current  than  the  3-D  one,  and  the  differ¬ 
ence  increases  as  the  gate  voltage  is  increased.  Thus, 
both  threshold  voltage  and  gain  factor  are  affected  by 
the  narrow-width  effect.  Figure  5  shows  the  corre¬ 
sponding  turn-on  characteristics  with  VDs  =  3.0  V, 
which  confirm  the  above  statement.  The  subthreshold 
bev»viour  of  the  turn-on  characteristics  is  better  illus- 
tra.cd  in  figure  6.  For  the  0.4  pm-width  device,  over 
one  order  of  magnitude  difference  between  the  2-D  and 
3-D  models  is  observed. 

A  comprehensive  view  of  the  Ip/W  dependence 
upon  gate  voltage  and  channel  width  is  given  in  fig¬ 
ures  7  and  8,  where  a  perspective  plot  of  a  2-D  sur¬ 
face  in  the  3-D  space  is  shown.  These  plots  emphasize 
the  transconductance  degradation  and  the  change  in 
threshold  voltage  which  occur  for  small  values  of  the 
channel  width. 

4.  Conclusions 

In  this  prper  we  have  illustrated  the  main  features 
of  a  general-purpose  three-dimensional  device-analysis 
program,  HFIELDS-3D,  developed  at  the  University 
of  Bologna  in  the  context  of  an  EEC-supported  ES¬ 
PRIT  Project.  Care  has  been  taken  to  ensure  versatil¬ 
ity  and  geometrical  flexibility  of  the  code,  which  allows 
for  a  wide  variety  of  realistic  device  structures.  At  the 
present  stage  of  development,  the  program  solves  only 
Poisson’s  and  one  carrier-continuity  equation,  which 
makes  it  suitable  for  the  simulation  of  unipolar  de¬ 
vices,  but  its  extension  to  both  carrier-continuity  equa- 


tions  ia  forseen  in  the  near  future.  The  program  hae 
been  shown  to  perform  satisfactorily  in  the  investi¬ 
gation  of  the  narrow-width  effect  in  MOSFET's,  but 
much  work  ia  still  to  be  done  in  order  to  optimise  ita 
numerical  efficiency.  To  this  purpose,  the  authors  are 
currently  investigating  more  efficient  algorithms  for  a 
vector-processor  version  of  the  code.  In  order  to  handle 
the  huge  number  of  equations  inherent  in  3-D  problems 
in  a  reasonable  time,  the  use  of  vector  processors  or 
parallel  architectures  is  mandatory. 
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Fig.  1:  Mesh  of  the  simulated  MOSFET. 


Fig.  2:  Perspective  plot  of  the  equilibrium  potential  in 
the  plane  normal  to  the  X-axis,  located  at  the  field- 
oxide  silicon  interface. 


Fig.  3:  Perspective  plot  of  the  equilibrium  potential  in 
the  plane  normal  to  the  X-axis,  located  at  the  gate- 
oxide  silicon  interface. 
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Fig.  4:  Simulated  turn-on  characteristics  of  the  2-D  Fig.  7:  Normalised  drain  current  as  a  function  of  the 

and  3-D  MOSFET’s  for  different  values  of  the  channel  channel  width  and  the  gate  voltage, 

width;  V*,  =  0.1  F. 


Fig.  5:  Simulated  turn-on  characteristics  of  the  2-D  Fig.  8:  Normalized  drain  current  as  a  function  of  the 
and  3-D  MOSFET’s;  F*,  =  3 .OF.  channel  width  and  the  gate  voltage. 


Fig.  6:  Simulated  turn-on  characteristics  of  the  2-D 
and  3-D  M08FET’s;  Fg,  =  0.1F. 
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ABSTRACT 

Spreading  capacitances  of  several  MOS  VLSI  configurations  have  been  calculated  numerically 
by  solving  Poisson's  equation  in  2  or  3  dimensions.  Owing  to  nonuniform  charge  distributions,  con¬ 
tributions  from  sidewalls  and  topsurfaces,  and  shielding  effects,  considerable  deviations  from 
scarce  analytic  formula  have  been  found.  Successively  considered  are  the  cases:  3  parallel  conduc¬ 
tors  at  equal  height  from  the  substrate,  2  parallel  conductors  at  different  level  from  the  substrate, 
gate-drain  configuration  of  different  MOSFETs,  and  two  conductors  or  four  conductors  crossing 
above  a  substrate. 


1.  Introduction 


Since  bias  voltage  constraints  and  electromigration  ef¬ 
fects  prevent  to  scale  down  properly  the  dimensions  of  the 
interconnection  system,  in  submicron  VLSI  additional 
capacitance  effects  become  more  and  more  important.  Not 
only  do  charges  at  the  sidewalls  and  top  surfaces  of  the 
conductors  lead  to  a  larger  capacitance  to  substrate  or  to 
interline  capacitance,  but  nonuniform  charge  distribution 
and  shielding  effects  cause  the  capacitance  to  deviate  con¬ 
siderably  from  the  l-D  value. 

Although  analytic  capacitance  expressions  based  on 
conformal  mapping  have  been  given  to  correct  for  several 
of  the  above  effects  (1,2,3],  it  is  questionable  whether 
these  results  are  generally  useful.  Not  only  are  the  results 
limited  owing  to  several  assumptions  used,  but  in  practical 
layouts  configurations  soon  become  too  complicated  to 
use  conformal  mapping.  Since  an  empirical  investigation 
is  costly  and  sometimes  even  impossible,  the  capacitances 
from  a  number  of  elementary  interconnect  configurations 
have  been  calculated  numerically  by  making  use  of  the 
device  simulator  TRIPOS  [4],  which  solves  Poisson's 
equation  in  two  and  three  dimensions.  Where  possible,  the 
results  have  been  compared  to  analytic  results.  Further¬ 
more  the  observed  trends  are  discussed  from  a  physical 
point  of  view. 


2.  Capacitances  between  3  parallel  conductors  and  the 
substrate 

Owing  to  2-D  and  3-D  charge  distribution  effects,  the 
capacitance  per  unit  length  deviates  from  the  conventional 
l-D  formula  C  =  when  the  distance  (H)  to 


substrate  and  the  thickness  (7)  of  conductors  are  no  longer 
small  compared  to  their  width  (BO  and  mutual  distance 
(S).  This  is  shown  in  fig.  1,  where  all  possible 
capacitances  of  3  conductors  parallel  to  each  other  and  to 
the  substrate  are  given  as  a  function  of  the  distance  5  (with 
T  =  W  -  1  (im).  Lateral  field  distributions  underlying  the 
above  2-D  results  are  given  in  fig.  2  (with  the  location 
indicated  in  the  inset  of  fig.  I).  While  the  normal  field 
remains  rather  uniform  under  the  central  conductor  owing 
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Figure  l.  Capacitances  vs.  mutual  distance  for  conductor 
configuration  given  in  the  inset. 


to  shielding  by  the  surrounding  conductors,  the  lateral 
field  is  very  nonuniform.  Starting  from  nearly  zero  value 
along  the  symmetry  line  (1),  the  above  field  peaks  to  a 
high  value  at  the  edge  (2)  of  the  central  conductor  due  to 
charge  crowding  at  the  corners  of  the  conductor  (at  which 
upto  30%  of  the  total  charge  may  be  accumulated). 


Si  Al  (for  1) 


- Y(pm) 


Figure  2.  Lateral  field  along  several  normal  directions  for 
configuration  of  fig.  /. 


Owing  to  shielding  effects  of  field  lines  originating 
from  the  sidewalls  and  top  surfaces  the  capacitance  to 
substrate  of  the  central  conductor  (Cra  =  AQ^AVf)  is 
lower  than  that  of  the  left  conductor  and  for  smaller  values 
of  the  distance  S  the  difference  becomes  larger.  At  the 
same  time  the  interline  capacitance  (Cre  =  AQE/AVF)  in¬ 
creases  with  decreasing  5  and  at  a  higher  rate,  than  the 
others  decrease.  As  shown  in  fig.  3  the  total  capacitance 
of  the  middle  conductor  CT  =  Cra  +  2Cra  increases  with 
decreasing  S.  In  the  same  figure  also  a  serai-empirical  ap¬ 
proximation  [3]  is  given.  Although  the  deviation  with 
TRIPOS  remains  within  10%,  the  deviation  for  the 
various  parts  of  CT  is  larger. 


Figure  3.  Total  capacitance  of  central  conductor  of  fig.  1. 


3.  Capacitances  between  two  conductors  at  different 
level 

When  two  conductors  are  parallel,  but  located  at  dif¬ 
ferent  levels  compared  to  the  substrate,  their  partial 
overlap  has  a  specific  effect  on  all  possible  capacitance 
values.  This  is  shown  in  fig.  4,  which  gives  the 
capacitances  as  a  function  of  the  overlap  distance  S  as 
defined  in  the  inset.  Owing  to  shielding  of  field  lines 
originating  from  the  top  surface  of  conductor  L,  the 
capacitance  to  substrate  CLb  at  complete  overlap  ( S  =  0) 
is  lower  than  the  value  in  the  absence  of  conductor  T, 
and  even  slightly  decreases  at  small  partial  overlap 
(5  <  0.3  pm).  Only  when  the  overlap  approaches  zero 
(5  >  1.0  pm)  this  capacitance  increases  with  S.  Because 
of  differences  in  the  shielding  of  field  lines  originating 
from  the  bottom  and  sidewalls  of  conductor  T,  for  the 
capacitance  C™  the  same  qualitative  behaviour  is  observ¬ 
ed.  However,  owing  to  the  fact  that  at  S  =  0  the  bottom 
surface  of  T has  been  shielded  effectively,  the  relative  ef¬ 
fects  are  smaller.  Furthermore,  while  at  complete  overlap 
the  interline  capacitance  Cn.  varies  strongly  with  the  step 
height  (H-x  —  H\f,  for  larger  values  of  S  the  above 
capacitance  becomes  completely  determined  by  fringing 
effects  and  therefore  hardly  varies. 


0.0  0.4  1.2  2.0  2.6  3.6 


Stum)  - *- 

Figure  4.  Capacitances  vs.  mutual  distance  for  configura¬ 
tion  given  as  inset  ( thickness  of  L  =  .6  pm). 


4.  Gate-drain  capacitance  of  a  MOSFET 

Below  threshold  voltage  the  gate-drain  capacitance 
(Coo  =  AQqIAVd)  is  larger  than  expected  from  the 
physical  overlap  owing  to  fringing  effects  between  the 
poly  silicon  gate  sidewall  and  the  drain  topsurface,  and 


between  the  drain-channel  edge  and  the  gate  lower  surface 
(compare  the  inset  of  fig.  5).  For  the  conventional 
MOSFET  an  analytic  expression  for  the  above  capacitance 


Figure  5.  Gate-drain  fringing  capacitance  of  conventional 
and  LDD  MOSFET  (lines  (A,  B)  are  analytic  results). 


fringing  effect  in  deep  accumulation  is  not  taken  into 
account. 


5.  Capacitance  of  two  crossing  conductors 

When  a  second  conductor  crosses  a  first  one  at  dif¬ 
ferent  height  from  the  substrate  (inset  of  fig.  6)  the  field 
and  the  resulting  charges  have  to  be  calculated  using  a  full 
3-D  solution  of  the  Laplace  equation  (6].  Fig.  6  gives  the 
three  possible  capacitance  values  as  a  function  of  distance 
between  both  conductors.  The  upper  conductor  T  and  the 
lower  conductor  S  have  a  thickness  of  1 . 1  pm  and  0.6  pm 
respectively,  a  width  of  1  pm  and  a  length  of  20  pm. 

Of  course  the  most  pronounced  effects  are  found  in 
the  interline  capacitance  CTs-  Not  only  is  the  value  owing 
to  3-D  charge  contributions  almost  an  order  higher  than 
the  1-D  capacitance  value,  but  the  presence  of  the 
substrate  causes  that  the  above  value  is  still  smaller  than 
the  pure  interline  capacitance  value  C'ts  (substrate 
removed).  In  addition  the  contributions  from  sidewalls 
and  top/bottom  areas  cause  the  capacitance  CTS  to  vary 
sublinearly  with  H~l.  Shielding  effects  are  the  main 
reason  for  CSb  to  increase  slightly  with  increasing  H. 


has  been  given  [5],  but  the  validity  of  this  approach  is 
questionable  for  an  LDD-MOSFET  with  its  refined 
gradual  drain  junction  profile.  For  both  devices  the 
numerically  calculated  value  of  CGd  is  given  in  fig.  S  as 
a  function  of  the  gate  voltage  at  two  different  values  of  the 
drain  voltage.  The  devices  considered  are  n-channel  type 
with  a  poly  silicon  gate  (width  0.7  um,  thickness  0.3  pm) 
on  a  17  nm  thin  insulator.  For  the  conventional  MOSFET 
the  0.25  pm  drain  junction  has  a  physical  overlap  with  the 
gate  of  0. 17  jim.  Using  process  modelling  data  the  tightly 
doped  drain  of  the  LDD-type  is  assumed  to  overlap  the 
gate  to  an  amount  of  0.08  fim. 

Decreasing  Va  from  zero  Volt  (off-state)  causes  the 
building-up  of  an  accumulation  charge  starting  from  the 
centre  of  the  channel  region.  This  growing  accumulation 
charge  gradually  reduces  the  inner  fringing  capacitance 
between  gate  and  drain  edge.  In  the  sub-threshold  region 
CQD  increases  with  Vc  owing  to  the  gradual  formation  of 
a  channel  starting  from  the  drain.  This  generally  increases 
the  1-D  overlap.  At  threshold  voltage  the  capacitance 
saturates  with  Va,  since  the  channel  is  present  every¬ 
where.  However,  due  to  channel  pinch-off  occuring  at 
VB  =  1  Volt  Cod  remains  lower  than  the  value  at 
VD  =  0.  Owing  to  the  smaller  1-D  overlap  and  partial 
depletion  of  the  lightly  doped  drain  region  (in  particular 
at  Fd  -  1  Volt)  the  capacitance  of  the  LDD  MOSFET  is 
considerably  smaller  in  the  accumulation  and  subthreshold 
region. 

Also  shown  in  fig.  5  is  an  analytic  result  [5].  Only  for 
the  conventional  device  at  VQ  =  0  this  result  fairly  agrees 
with  the  numerical  value.  However  the  reduction  of  the 


Figure  6.  Capacitances  vs.  distance  for  two  crossing  con¬ 
ductors  above  a  substrate  (L  =  I  pm). 


6.  Capacitance*  of  four  conductors 

As  an  extension  to  the  previous  case  a  configuration 
of  four  conductors  is  considered,  which  are  crossing 
mutually  and  are  located  at  two  different  levels  above  the 
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substrate  (compare  the  inset  of  fig.  7).  Naturally  the  same 
3-D  effects  occur  as  in  the  previous  case,  but  owing  to  the 


fig.  6  this  decrease  is  only  a  sublinear  function  of  the 
thickness. 


Figure  7.  Capacitances  between  four  conductors  (see 
inset )  vs.  distance  of  upper  conductors 
(d,j  =  d,B  =s  1  pm,  d,2  =  2  pm). 

more  complicated  situation  the  calculation  is  more  deman¬ 
ding  for  the  simulator.  In  spite  of  making  use  of  symmetry 
rules  the  number  of  grid  points  required  amounts  30.000. 

In  fig.  7  several  capacitances  to  bulk  and  interline 
capacitances  have  been  plotted  as  a  function  of  the 
distance  between  the  two  upper  conductors.  Except  the 
capacitance  C34  the  variation  of  the  other  capacitors  is 
dominated  by  shielding  effects.  CBi  and  C2t  decrease 
slighdy  with  increasing  distance  d*  owing  to  the  fact  that 
in  this  case  the  upper  conductors  have  a  more  effective 
shielding  on  the  lower  conductors.  On  the  other  hand  with 
increasing  distance  dM,  conductor  4  causes  less  shielding 
of  field  lines  originating  from  conductor  3.  Therefore  C31 
increases  with  in  creasing  dM.  Although  the  lower  con¬ 
ductors  and  the  substrate  have  a  shielding  effect  on  C34, 
this  capacitance  still  varies  with  d3 4. 

Finally  in  fig.  8  the  insulator  thickness  d\3  between 
the  upper  and  lower  conductors  has  been  varied.  Owing 
to  a  reduction  of  shielding  effects  the  interline 
capacitances  between  conductors  at  the  same  level  in¬ 
crease  considerably  with  an  increase  of  di3.  Naturally  the 
capacitances  between  conductors  at  different  levels 
decrease  at  the  same  time,  but  similar  to  the  case  of 


Figure  8.  Capacitances  vs.  insulator  thickness 
(d,2  =  dM  -  2  pm,  d^  =  l  pm). 

Conclusions 

When  comparing  the  results  to  the  limited  number  of 
analytic  expressions  (case  1  and  3),  already  strong  devia¬ 
tions  are  observed.  All  trends  or  effects  observed  in  the 
figures  can  be  explained  from  a  physical  point  of  view.  A 
change  of  interconnect  dimensions  or  mutual  distances  has 
much  larger  effect  than  the  thickness  of  dielectric  layers. 
For  1  pm  wide  conductors  2-D  capacitance  values  may 
exceed  the  1-D  value  by  a  factor  of  5,  and  in  3-D  cases 
by  a  factor  of  9.  Estimating  2-D  capacitance  values  by 
reducing  surface  charge  integrals  to  line  integrals  or  3-D 
capacitance  values  as  a  summation  of  2-D  cases  is  too 
inaccurate. 
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Abstract 

The  accurate  simulation  of  implanted  and  diffused  impurity  profiles  in  silicon  is  extremely 
important  when  developing  VLSI  processes.  In  this  work  simulations  with  different  process 
simulators  and  the  corresponding  experimental  results  for  implantation  and  diffusion  in  N, 
ambient  of  boron  in  silicon  are  compared.  Our  study  reports  a  remarkable  dose  dependence  of 
the  shape  of  the  experimental  profiles.  Strategies  have  been  developed  to  increase  the  simulation 
accuracy. 


1  INTRODUCTION 

The  simulators  used  in  this  study  are:  SUPREMII.5{1], 
SUPREM3(2],  ICECREM[3]  and  PREDICT{4],  The  substrates 
used  were  9-13  ficm  phosphorus-doped  n-type  (100)  silicon 
wafers.  A  400  A  thick  thermal  oxide  was  grown  in  dry  oxy¬ 
gen  at  lOOO'C.  Then  60  keV,  "B+  implants  with  doses  rang¬ 
ing  from  10* 2  cm-J  to  10‘7cm“3  were  performed  with  wafers 
tilted  7“  to  suppress  channeling.  The  annealing  temperatures 
and  times  were  :  900,  1000,  1100  *'C  and  30,  300,  1200  min. 

Comparing  the  experimental  implantation/diffusion  profiles 
and  simulations  (using  default  model  parameters)  no  satisfac¬ 
tory  agreement  is  achieved.  It  is  found  that  for  long,  high 
temperature  anneal  steps  simulations  and  experiments  coincide 
far  much  better  than  for  low  temperature,  short  time  anneal¬ 
ing  conditions  (Figure  1).  In  the  latter  case  the  actual  shape 
of  the  implantation  (starting)  profile  has  a  pronounced  influ¬ 
ence  on  the  final  diffusion  profile.  This  is  illustated  in  Figure  2 
for  profiles  simulated  with  ICECREM.  For  a  30  min  anneal  at 
1000'  C  we  still  see  a  tail  in  the  profile  which  is  originating 
from  a  strong  implantation  channeling  model.  After  300  min 
of  annealing  the  shape  of  the  profile  has  completely  changed. 
So,  the  exact  modelling  of  the  implantation  profile  is  not  only 
necessary  for  improving  the  accuracy  of  the  final  diffused  pro¬ 
files,  but  it  is  also  very  important  for  a  better  understanding 
and  comparison  of  the  diffusion  mechanisms  .  Also  modelling 
of  rapid  thermal  annealing  has  a  need  for  precise  implantation 
start  profiles. 


»> 


FIGURE  1  : 

Comparison  between  simulations  and  experiments 

a)  for  low  temperature  :  900‘  C,  30  min 

b)  for  high  temperature  :  llOO'  C,  30  min 
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FIGURE  2  : 

ICECREM  default  profiles  : 

1_  as  implanted  profile  :  8,  60keV,  1015  cm'3  (400  A  oxide) 
2  same  profile  after  N3 anneal,  1000“C,  30  min 
3_  same  profile  after  N^anneal,  1000" C,  300  min 

2  DEFAULT  IMPLANTATION  MODELLING 

Most  process  simulators  use  analytical  formulas  for  mod¬ 
elling  the  implanted  profiles.  Here  different  models  and  also 
different  default  parameter  values  are  found  when  comparing 
the  available  programs.  Most  frequently  used  are  the  Gauss 
model  (non- channeled  profiles),  or  Gauss-related,  PearsonlV 
and  PearsonIV-related  (profiles  with  channeling  tail)  models. 
The  model  chosen  depends  on  the  specified  impurity,  on  the 
type  of  target,  on  the  thickness  of  the  implant  oxide  and  also 
on  the  simulator  used  (Table  1). 


SUPREMII.5 

Gauss 

PearsonlV  +  exp.  tail 

ICECREM 

Gauss 

PearsonlV 

SUPREM3 

Gauss 

2-Gaussian 

PearsonlV 

PREDICT 

Gauss  +  exp.  tail  ; 

Table  1:  Different  process  simulators  and  their  models  for  im¬ 
plantation  of  boron  in  crystalline  silicon 


The  Gauss  model 


C(x) 


Dote  (  (*  — R,,)3\ 

7m^exp( — 

Dote  X  fix)  , /(*) :  frequency  function 


gives  a  symmetrical  profile  which  can  only  be  used  for  non- 
channeled  implantation  profiles  (e.g.  in  amorphous  silicon). 
ftp  is  the  range  of  the  profile  and  o  is  the  standard  deviation. 


In  crystalline  silicon  channeling  occurs  and  the  profile  is  no 
longer  symmetrical.  Then  at  least  one  has  to  account  for  the 
skewness  7  by  using  a  frequency  function  which  consists  of  two 
half  Gaussian  distributions.  If  also  the  peakedness  &  is  needed 
to  describe  the  asymmetry,  the  PearsonlV  distribution  is  used. 
This  distribution  is  given  by  [5]: 


C(i|  = 
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:  /(*) 
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- 
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0,60,61,63  are  functions  of  <7,7, /? 

In  this  study  we  concentrate  on  boron  implantations  in  crys¬ 
talline  silicon,  unannealed  or  annealed  in  N,  atmosphere.  As  all 
experimental  as-implanted  profiles  (measured  by  SIMS)  show  a 
certain  amount  of  channeling  (even  with  a  400  A  thick  implant 
oxide  and  T  tilt)  PearsonlV,  modified  PearsonlV  and  modified 
Gaussian  models  are  used  (column  4  of  Table  1).  Using  the 
default  implantion  models  and  parameters  none  of  the  process 
simulators  gives  a  satisfactory  agreement  with  the  experimen¬ 
tal  as-implanted  profiles  over  a  wide  range  of  doses  (Figure  3). 
SUPREMII.5  and  ICECREM  show  the  same  tendencies.  In  both 
cases  the  tail  extends  beyond  the  extrapolated  tail  from  the 
SIMS  measurement  for  doses  of  io15  cm"3  and  higher.  For 
10*3  and  io’4  cm-3  simulations  and  experiments  agree  con¬ 
siderably  well  and  for  the  lowest  dose  (io13  cm-3)  simulations 
seem  to  underestimate  channeling.  PREDICT  is  the  only  simu¬ 
lator  which  accounts  for  a  dose  dependency  for  channeling,  but 
the  modelling  is  done  in  a  empirical  and  discontinuous  way. 
SUPREM3( version  3C)  does  not  model  channeling  at  all.  Also 
remarkable  is  that  literature  about  SUPREM3  always  mentions 
a  PearsonlV  model  while  the  default  implantation  parameters 
satisfy  the  conditions  for  a  Pearsonl  distribution. 

Our  study  thus  revealed  a  remarkable  dose  dependence  of 
the  shape  of  the  experimental  profiles  (especially  in  the  chan¬ 
neling  tail  region)  which  is  completely  neglected  by  the  avail¬ 
able  simulators  (except  to  some  extend  for  PREDICT).  So  it 
is  obvious  that  the  default  implantation  parameters  cannot  be 
used  when  simulating  the  actual  implanted  profiles  and  as  such 
will  also  provide  a  non-optimal  starting  profile  for  the  study  of 
subsequent  diffusion  steps 
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FIGURE  3  : 

Comparison  between  different  process  simulations  and  experimental  SIMS  implantation  pro¬ 
files  for  I/I:  B,  60keV,  1013,  1013 . 10‘r  cm-3  through  400  A  oxide.  The  solid  lines  represent 

SIMS-data.  The  origin  of  the  x-axis  is  at  the  Si/Si03  interface. 


3  NON  DEFAULT  IMPLANTATION  PROFILES 

In  our  work  we  used  the  PearsonlV  model  (used  in  ICE- 
CREM)  for  extracting  accurate  model  parameters  from  the  ex¬ 
perimental  SIMS  profiles  using  the  SIMPAR(5]  package.  This 
parameter  extraction  program  has  originally  been  developed  for 
determining  the  parameters  used  in  the  l-V  relations  of  transis¬ 
tors,  but  it  is  also  possible  to  built  in  any  user  defined  model. 

Very  good  PearsonlV  fittings  for  the  experimental  implan¬ 
tation  results  are  obtained  (Figure  4).  The  strong  channeling 
effect  at  higher  doses  has  disappeared,  but  still  some  tailing  de¬ 
pending  on  the  dose,  can  be  observed.  This  fitting  procedures 
leaves  all  distribution  parameters  (Rp,tT,y,(3)  free.  This  is  of 
course  not  very  practical  for  process  simulation,  but  the  result¬ 
ing  sets  of  parameters  do  exhibit  a  dose  dependence  which  can 
be  quite  easily  described.  To  model  this  dependence  in  a  phys- 


FIGURE  4  : 

SIMPAR  (PearsonlV)  fitting  remits  for  implantation 
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FIGURE  5 


Dose  dependent  implantation  parameters  :  o  vs  dose.  7  vs  dose,  0  vs  dose 
The  circles  represent  extracted  values. 


ical  and  practical  way,  a  second  fitting  procedure  is  performed 
where  R,,  is  kept  Fixed  at  a  mean  value  corresponding  to  the 
implantation  energy.  This  means  we  consider  R,,  independent 
of  the  implantation  dose.  This  approach  is  generally  accepted. 
On  the  other  hand,  <r.7,0  are  still  clearly  dose  dependent. 
This  explains  also  the  variation  of  Hie  position  of  the  maxi¬ 
mum  =  R,,  +a,  with  a  a  function  of  7  and  0.  The  results  for 
a  60keV  boron  implantation  through  400  X  oxide  are  given  by  : 

R,,  =  etc 

a  =  —  3. ggio~‘ Ini  dose)  +  0.17 
7  =  —0.090 tnidose )  +  3.40 

0  =  3.0137'  +  3-5a 

The  extracted  parameters  and  the  resulting  relationsships  are 
shown  in  Figure  5.  All  non-constant  parameters  are  decreasing 
with  increasing  implantation  dose.  The  skewness  7  and  the 


peakedness  0  are  approaching  to  Gaussian  values  (7  =  o,/3  = 
3)  as  the  dose  increases.  This  means  the  higher  the  dose  the 
less  channeling  occurs.  Indeed  for  higher  doses  more  damage 
is  created,  which  reduces  the  probability  for  channeling. 


4  DIFFUSION  PROFILES 

Finally  starting  from  the  proper  implantation  profile,  dif¬ 
ferent  diffusion  models  can  be  compared.  All  diffusion  pro¬ 
files  were  measured  by  spreading  resistance  profiling  (SRP).  In 
general  we  now  get  a  much  better  agreement  with  the  experi¬ 
mental  results,  also  for  the  low  temperature,  short  time  anneal 
conditions.  Indeed,  the  strong  channeling  tail,  which  could  be 
observed  for  default  simulations  and  is  not  at  all  occuring  in 
the  experimental  profiles,  is  eliminated  (Figure  6,  Figure  7  ). 
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FIGURE  6  : 


FIGURE  7  . 


ICECREM  default  profiles  vs  experimental  SRP  profile  r 
^  ICECREM  implantation  B,  60keV,  10Mcm-3(400  A  oxide) 
7  ICECREM  N, anneal,  900 ’C,  30  min 
Tj  experimental  annealed  profile 


ICECREM  non-default  profiles  vs  experimental  SRP  profile  : 
T1  ICECREM  implantation  B,  60keV,  lO‘^cm-^400  A  oxide) 
7  ICECREM  N,anneal,  900‘  C,  30  min 
13| experimental  annealed  profile 


Simulations  prove  that  due  to  the  bevel  angle  used  for  SRP 
the  measured  junction  is  20%  less  deep  than  the  real  junction 
in  a  non- beveled  sample.  This  bevel-effect  [7]  is  also  respons- 
able  for  the  kink  observed  in  the  SRP-profile. 

A  more  profound  basis  for  the  study  and  improvement  of 
the  diffusion  model  in  the  different  simulators  is  established. 
Also  this  approach  provides  a  more  physically  realistic  strategy 
for  adapting  the  default  model  parameters  in  order  to  fine  tune 
the  simulated  results  towards  the  experimental  results. 

It  is  made  clear  that  it  is  very  important  to  look  carefully 
at  the  existing  programs  and  the  implemented  models  in  order 
to  get  reliable  results.  Indeed,  apparently  good  results  can  be 
obtained  for  certain  process  steps  or  subsequent  process  steps, 
but  more  critical  conditions  can  cause  a  failure  of  the  model . 
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p-type  shallow  junctions  in  silicon  were  obtained  by  preamorphization  with 
Ge+  ions,  20  KeV  B+  implants  at  doses  in  the  5*10^  -  5*10^^/cm2  range, 
and  thermal  annealing  at  850  °C  or  950  °C  for  1/2  hr.  The  junction  depth 
was  <  0.3  pm  in  the  preamorphized  wafers  and  >  0.3  >im  in  the  B-bare  Si 
implanted  wafers.  The  leakage  current  density  measured  at  a  reverse  bias 
of  10  v  was  about  100  pA/cm2  for  both  procedures.  The  leakage  maps  on  the 
5"  wafer  gave  a  density  of  short  circuits  of  0.6/cm2. 


1.  INTRODUCTION 

The  formation  of  shallow  junctions 
by  ion  implantation  is  hampered  by 
channeling  effect  and  by  the  partial 
electrical  activation  in  the  tail 
region  of  the  implanted  profile  in 
particular  for  B-type  region  [1). 
Preamorphization  with  different  ions  as 
Si+,  Ge*,  Sn+  of  a  surface  layer  deeper 
than  the  active  range  of  the  p-n 
structure  prevents  channeling  tails  [2- 
3]  and  the  use  of  rapid  thermal 
annealing  [4]  provides  a  quite  complete 
dopant  activation. 

The  use  of  Ge*  ions  to  preamorphize 
the  layer  presents  some  advantages  [5]. 
The  implantation  can  be  performed  at 
room  temperature,  Ge  has  an  infinite 
solid  solubility  in  Si,  its  large 
covalent  radio  causes  a  biaxial 
compressive  strain  which  can  compensate 
the  lattice  strain  that  arises  after 
subsequent  high  dose  implantation  and 
annealing  of  impurities  like  B  or  P. 
The  Ge  Implantation  is  superior  to  the 
Si*  implantation  in  achieving  uniform 
amorphization  and  a  regrown  region  of 
high  structural  perfection  results  [6], 

In  the  present  work  we  report  in 
detail  the  electrical  characterization 
of  pre-amorphlzed  Si  layers  with  Ge* 


of  pre-amorphized  Si  layers  with  Ge* 
ions,  subsequently  implanted  with  B* 
and  then  thermally  annealed,  in  view  of 
the  relevance  of  the  electrical 
response  of  shallow  junctions  for 
device  applications. 

2. EXPERIMENTAL 

Silicon  wafers,  5”  n-type  of  1.5  - 
4.0  fl  *cm  resistivity,  of  <100> 
orientation  were  preamorphized  with  Ge 
ions  -  150  KeV  to  a  fluence  of 
5*10^/cm2.  Some  wafers  were 
subsequently  implanted  with  20  KeV  of 
B*  to  a  fluence  of  5*101^/cm2  (  Rp  - 
670  A,  DRp  »  340  A  ).  The  annealing  was 
performed  in  a  furnace  under  N2  flow  at 
temperatures  of  850  °C  and  of  950  °C 
for  1/2  hr. 

The  samples  were  analyzed  by  2.0  MeV 
^*He*  Rutherford  backscatter ing  in 
combination  with  channeling  effect 
technique.  The  depth  profile  of  carrier 
concentration  and  mobility  was  obtained 
by  sheet  resistence  and  Hall 
measurements  in  layer-by  layer  removal 
technique  by  anodic  oxidation.  The 
electrical  behaviour  was  determined  by 
the  forward  and  reverse  I-V 
characteristic  and  by  the  leakage  maps. 
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3.  EXPERIMENTAL  RESULTS 

The  thermal  regrowth  of 
preaaorph i zed  Ge  +  layers  and 
subsequently  Implanted  with  20  KeV  B+ 
was  investigated  in  the  500-600  °C 
temperature  range.  The  initial 
amorphous  layer  amounts  to  160  nm.  The 
epitaxial  regrowth  rate  of  the 
amorphous  layer  is  the  same  for  Ge+  and 
8elf_ion  Si+  implantation.  The  presence 
of  B  dopants  at  concentration  of 
5*lOl9/cm3  enhances  the  rate  of  about  a 
factor  ten,  in  agreement  with  the  data 
obtained  [7]  in  self-ion  implanted 
layers.  Our  data  support  the  use  of  Ge 
instead  of  Si,  in  inducing  an  amorphous 
layer.  After  regrowth  Ge  atoms  occupy 
substitutional  lattice  sites. 

The  sheet  resistance  of  samples 
implsnted  with  5*1014/cm2  B  in  either 
pre-amorphized  or  virgin  <100>  Si  n- 
type  substrates,  and  thermally  annealed 
at  different  temperatures  for  30‘  is 
shown  in  Fig.  1. 


Tro 

Fig.  1  -  Sheet  resistance  versus 
annealing  temperatures  for  5*1014/cm2  - 
20  KeV  B  implanted  into  Ge 
preamorphized  (■)  and  bare  Si  (#) 
respectively. 

Sheet  reslstence  is  higher  in  B 
implanted  samples  than  in  B  Implanted 
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Fig.  2  -  Carrier  concentration  profile 
of  5*10^/cm2  -  20  KeV  B+  implanted 
into  preamorphized  («)  and  bare  (■) 
Si  wafers  after  thermal  annealing  for 
30’  at  850  °C  (  a  )  and  950°C  (  b  ) 

into  preamorphized  samples  up  to  900  °C 
annealing  temperature.  This  behaviour 
is  associated  to  the  regrowth  of  ®L- 
layers  and  then  to  the  electrical 
activation  of  the  embedded  B  dopant  at 
temperatures  well  below  those  required 
to  anneal  out  point  and  extended 
defects  present  in  the  B  implanted 
samples  [8).  The  sheet  resistance  of 
the  layers  amounts  to  250  fl/o  in 
agreement  with  SUPREM  simulation. 

The  doping  and  mobility  profiles  were 
determined  by  etching  off  thin  layers 
of  Si  one  after  the  other  and  by 
measuring  the  sheet  resistance  and  the 
Hall  coefficient.  The  thin  layers  were 
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removed  by  anodic  oxidation  and  the  Van 
der  Paw  geometry  was  adopted  for  the 
electrical  measurements.  The  carrier 
concentration  profiles  obtained  by  this 
procedure,  are  shown,  in  Fig.  2s  and  2b 
for  5*10u/cm2  -  20  KeV  B*  implanted 
into  bare  Si  and  into  preamorphized 
<100>  Si  substrates  after  annealing  at 
850  °C  and  950  °C  respectively.  After 
annealing  at  850  °C  the  activated  B+ 
dopant  fluence  amounts  to  4.4*10 1 vcm^ 
in  the  preamorphized  Si  and  to 
6.9*10^/cm2  in  the  bare  Si  samples  in 
agreement  with  the  resistivity  data 
reported  in  Fig.  1.  The  mobility  is  of 
60  cm2/v*s  and  80  cm2/v*s  respective¬ 
ly.  After  annealing  at  950  °C  the 
measured  profiles  nearly  coincide  in 
the  investigated  range.  The  activated 
dose  amounts  to  4.4*10^/cm2  in  the 
preamorphized  and  4.3*10^/cm2  in  the 
bare  Si  respectively.  The  mobility  is 
60  cm2/v*s  for  both.  It  must  be  pointed 
out  that  the  minimum  carrier 
concentration  detectable  with  accuracy 
by  this  method  is  of  about  5*10^7/cm2, 
i.e.  at  least  two  orders  of  magnitude 
higher  than  the  substrate  doping.  The 
location  of  the  junctions  is  then 
determined  by  the  shape  of  the 
concentration  profiles  at  values  lower 
than  10^7/cm^. 

As  an  example  the  B+  profile  cal¬ 
culated  by  SUPREM  is  reported,  as  full 
line,  in  Fig. 2b.  The  tail  is  approxi¬ 
mated  in  the  simulation  by  an  exponen¬ 
tial  decay,  whose  slope  depends  on 
several  parameters,  as  orientation  of 
the  wafer  with  respect  to  the  beam, 
annealing  temperature,  etc.  The  first 
part  of  the  simulated  profile  accounts 
quite  well  for  the  experimental  data; 
but  the  distribution  in  the  tail  cannot 
be  inferred  by  these  measurements,  and 
the  location  of  the  junction  can  be 
only  guessed. 

A  staining  technique  has  been 
adopted  to  measure  the  junction  depth 
and  the  following  results  were  obtained 


after  850  °C  and  950  °C  annealings: 
Xj(850°C)  -  0.32  .pm  and  0.2  jim  in  the 
bare  and  in  the  preamorphized  Si, 
X j (950 °C)  -  0.35  -  0.4  >»m  and  0.28  - 
0.3  pa  in  the  bare  and  in  the 
preamorphized  Si.  The  accuracy  of  the 
method  is  about  +  0.05  >im.  The  950 
°C  seems  a  good  choice  for  the  annealing 
temperature  because  at  850  °C  a  large 
amount  of  defects  is  still  present  and 
at  higher  temperature  as  1000  °C  for 
few  seconds,  a  considerable  diffusion 
of  the  dopant  occurs. 

The  electrical  behavior  of  the 
formed  p-n  junctions  was  investigated 
by  measuring  the  forward  and  the 
reverse  I-V  characteristics  and  by  the 
leakage  maps  in  diodes  of  0.22  cm2 
area.  The  reverse  characteristics  are 
shown  in  Fig.  3  for  the  adopted  thermal 
procedures.  No  pregettering  was  adopted 
for  the  processed  diodes.  The  annealing 
at  950  °C  results  in  a  quite  reasonable 
electrical  behavior.  The  leakage 
current  density  measured  at  a  reverse 
voltage  of  10  v  was  about  100  pA, cm2 
for  both  procedures  (  implantation  in 
bare  Si  or  in  preamorphized  Si).  This 
low  value  is  very  close  to  the 
theoretical  one  and  indicates  that 
defects  and  generation  centres  in  the 
depleted  p-n  junction  are  practically 
absent.  The  forward  I-V  characteristcs , 
not  shown,  are  fitted  by  an  ideality 
factor  m  ">  1.02  in  the  exponential 
factor . 

The  leakage  current  maps  were  also 
measured  in  the  processed  5"  wafer  at 
a  reverse  bias  of  15  v.  A  typical  map 
is  reported  in  Fig.  4,  together  with 
the  histogram  of  the  distribution.  The 
density  of  short  circuits  amounts  to 
0.6/cm  .  The  wafer  was  processed  in 
such  a  way  that  a  central  region  of  2" 
diameter  was  preamorphized  with  Ge  and 
then  all  the  wafer  was  implanted  with 
20  KeV  B+.  A  direct  comparison  is  then 
possible  between  preamorphized  and  as 
implanted  diodes. 
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Fig.  3  -  Reverse  I-V  characteristics  of 
0.22  cm2  diodes  implanted  with  20  KeV 
B+  -  5*1014/cm2. 
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current  at  -  15  v  of  diodes  annealed  at 
950°C  -  30';  the  two  inches  diameter 
central  region  was  preamorphized  with 
Ge+  implantation. 


The  leakage  map  and  the  distribution 
indicate  that  within  the  experimental 
accuracy  no  significant  difference 
exists  in  the  electrical  behavior  of 
the  diodes  processed  in  the  two  ways. 
This  indicates  that  the  preamorphlza- 


tion  with  Ge  doesn't  deteriorate  with 
the  residual  defects  the  electrical 
response. 
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The  effect  of  high  pressure  steam  oxidation  . 5-10. 7  atm.)  on  phosphorus  extrinsic 
diffusion  in  (111) — and  (100) — silicon  at  700  -970UC  has  been  examined  by  spreading 
resistance  probes  and  el  1  ipsometery .  It  has  been  found  that  the  OED  and  ORD  appear 
at  the  higher  and  the  lower  temperature,  respectively.  The  OED-ORD  transition  point 
is  at  about  880  C  for  40'  in  7.5  atm.  for  ( 1 1 1  )-si 1 icon.  The  difference  in  effective 
diffusion  coefficients  between  oxidation  and  non-oxidation  regions  (D)  is  proportional 
to  (xQ/t)  ,  the  power  figure  n  is  related  to  the  oxidation  conditions.  These  results 
can  be  explained  satisfactorily  by  considerations  which  take  into  account  oxidation 
rate  and  concentration  effect  on  phosphorus  diffusion  in  silicon. 


With  the  development  ot  VLSI,  the  smaller 
device  dimensions  are  needed.  Therefore  the 
fine  control  of  impurity  profiles  is  more  im¬ 
portant.  The  high  pressure  oxidation  is  an 
excellent  oxidation  process  for  VLSI.  A  preci¬ 
se  understanding  of  the  effect  of  this  oxida¬ 
tion  on  impurity  redistribution  is  a  require¬ 
ment  for  device  processes  and  has  important 
significance  for  further  solving  the  physical 
mechanism  of  oxidation  enhanced  diffusion 
(OED)  and  oxidation  retarted  diffusion  (ORD). 

This  paper  reports  that  several  new  pheno¬ 
mena  found  under  the  high  pressure  oxidation 
are  different  from  those  in  atmospherical  oxi¬ 
dation. 

1.  EXPERIMENTAL  CONDITIONS 

Original  silicon  wafers  were  7-15ncm,  p 
type  (100)-  and  (111)-  orientated  single  crys¬ 
tal  silicon.  The  phosphorus  diffusion  were 


performed  with  sp^  planar  solid  source  at 
1140^C  for  8'.  After  that  the  surface  phase 
layers  were  removed  with  the  dilute  HF  solu¬ 
tion.  Then  the  Si,N.  films  of  1000  A  thick- 
3  4 

ness  were  deposited  on  the  silicon  surface 
and  subsequently  were  photolithographically 
patterned  into  1  m.m.  wile  parallel  stripes 
so  that  both  the  nonoxidizing  and  oxidizing 
regions  could  be  on  the  same  wafer.  The 
thermal  oxidation  was  carried  out  in  a  high 
pressure  steam  oxidation  system  which  was 
automatically  controlled  by  a  microprocessor. 
Before  and  after  oxidation,  the  spreading 
resistance  profiles  (R-X)  were  measured  by 
ASR-100B  spreading  resistance  probes.  The 
oxide  thickness  (x^)  were  measured  by  a  TP-77 
ellipsometer. 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
The  oxidation  curves  of  (111)— Si  in  7.5 
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FIGURE  1 

Oxidation  curves  of  silicon  in  high  pressure 
steam  at  700  -970  C 


FIGURE  2 

Matched  spreading  resistance  profiles  of 
phosphorus  in  silicon 


atm.  steam  at  700®-970®C  are  given  in  Fig.l. 

It  can  be  seen  that  the  oxidation  rate  (dxQ/dt) 
is  very  fast  at  970®,  880®,  780®C,  it  has  run 
in  the  parabolic  oxidation  regime.  While  at 
700®C,  it  is  in  the  linear  oxidation  regime. 

It  is  implied  that  the  difference  in  impurity 
diffusion  in  silicon  under  high  pressure  and 
atmospherical  oxidation  is  not  due  to  the 
difference  in  the  oxidation  equation,  but  is 
correlative  with  the  oxidant  supply. 

Several  typical  spreading  resistance  pro¬ 
files  for  different  experimental  conditions  are 
shown  in  Fig. 2.  From  2a  and  2b,  it  can  be 
observed  that  the  Impurity  distribution  and 
the  ratio  of  the  junction  deepth,  x ^/x ^n»  ate 
related  to  the  crystalline  orientation  of  sam¬ 
ples.  Within  the  pressure  and  the  temperature 
range  used  in  this  experiment,  all  of  the 
phosphorus  diffusion  in  (lOO)-Si  are  retarded 
(ORD),  and  its  diffusion  coeffeclents  are  all 
bigger  than  those  of  <111 )— Si  at  the  same  con¬ 
dition.  By  comparing  2c  with  2d,  it  is  obvious 
that  the  effect  of  oxidation  on  diffusion  is 
correlative  with  pressure  (p)  of  oxidant. 

A  plot  of  the  logarithm  of  diffusion  coeffi¬ 
cient  versus  the  reciprocal  of  absolute  tempe¬ 
rature  is  shown  in  Fig. 3  for  phosphorus  in 
(111 )-sllicon  in  7.S  atm.  Here,  the  diffusion 


coefficients  Dg,  were  calculated  from  the 
measured  junction  depths  x^  and  sheet  resis¬ 
tances  in  both  the  oxidation  and  the  nonoxida¬ 
tion  region  according  to  Gaussian  distribution. 
By  doing  so,  the  segragation  effect  of  the 
moving  boundary  in  the  oxidation  region  is 
ignored.  The  validity  has  been  discussed  by 
some  authors  [1,  2,  3],  It  can  be  noted  from 
this  figure  that  Dg>  at  the  higher  tempera¬ 
ture  (970°C) ,  that  is  OED.  While  DQ=DN  at  880°C 
for  40',  it  is  the  transition  point  of  OED-ORD. 
When  the  oxidation  time  t  is  over  40'  or  the 
temperature  is  lower  than  880®C,  then  Dg< , 
that  is  ORD.  Another  regular  phenomenon  is  that 
Dg  decreases  as  Increasing  the  oxidation  time  t 
at  the  same  temperature,  and  also  decreases 
except  for  970®C  so  that  the  enhancement  de¬ 
creases  while  the  retard  increases. 

A  plot  of  AD  versus  time-mean  effective 
oxidation  rate  Xg/t  is  shown  in  Fig. 4.  A  result 
of  normal  drv  oxygen  oxidation  given  by 
Y.  Ishikawa  [9]  is  also  plotted  in  the  figure. 
From  Fig. 4,  AD  and  Xg/t  have  a  power  relation¬ 
ship  except  for  near  the  transition  point. 


(AD  |  =  A(Xg/t)n 

within  the  parabolic  oxidation  region  indicated 
in  Fig.l. 
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FIGURE  3 

Diffusion  coefficient  of  phosphorus  in  silicon 
versus  reciprocal  temperature 

x0/t  =  2(dxQ/dt) 

Thus,  we  have 

|AD|  oc(dxQ/dt)n 

Where,  the  n  is  different  from  the  predictive 
value  (n=l)  of  S.M.Hu  model  [7]  and  the  results 
given  at  normal  oxidation  by  other  authors  [9, 
10].  The  n  can  be  positive  or  negative.  It  is 
depend  on  the  temperature,  pressure,  oxidant 
composition  and  crystalline  orientation  of 
samples.  Particularly  near  the  0ED-0RD  transi¬ 
tion  point,  the  n  approaches  infinity  as  a 
limit.  It  means  some  criticality  and  is  well 
worth  notice. 

Another  interesting  phenomenon  is  the  rela¬ 
tionship  of  Dq/Dn  -  ■if  plotted  in  Fig. 5.  The 

right  half  is  our  result  in  7.5  atm.,  but  the 
left  half  was  obtained  in  dry  by  Francis  and 
Dobson  [11].  When  Che  temperature  is  increasing 
from  700^C  to  near  1300^0,  it  undergoes  two 
transitions  from  ORD  to  OED  and  again  from  OED 
to  ORD.  By  comparing  it  with  the  relationship 
of  the  length  of  oxidation  induced  stacking 
faults  (OSF)  Vs  1/T  of  Fig. 6,  it  can  be  found 
immediately  that  OSF  also  undergoes  two  transi¬ 


FIGURE  4 

Oxide  growth  rate  dependence  of  D  of 
phosphorus  in  silicon 

tions  from  the  shrinkage  to  the  growth,  again 
to  the  shrinkage  in  the  similar  temperature 
range.  These  results  verify  once  again  that 
OED  (ORD)  and  OSF  are  two  behaviours  coming 
from  a  same  physical  process  -  the  injection 
of  non-equilibrium  point  defect,  and  the 
phosphorus  diffusion  in  silicon  is  mainly  via 
interstitialcy  mechanism. 

The  measured  effective  diffusion  coeffi¬ 
cient  (D)  may  be  considered  to  be  a  superposi¬ 
tion  of  three  physical  effects:  the  Fick 
effect  Di,  the  concentration  effect  ADc  and 
the  surface  oxidation  effect  ADQ,  that  is 

D  =  Di  +  ADc  +  ADq 

In  the  nonoxidation  region,  aDq=0.  Also 

ADc(970°C)  =0,  since  the  surface  impurity  con- 
19  -3 

centratlon  (1.3x10  cm  )  is  lower  slightly 

chan  the  intrinsic  carrier  concentration  in 

silicon  at  970°C.  Thus,  D„(970°C)=Di  and  has 

"  0 

no  change  with  t.  While  below  970  C,  ADcitO  and 
change  with  t,  and  so  do  the  D^.  In  the  oxida¬ 
tion  region,  there  are  both  ADc  and  ADq. 
Strictly  speaking,  aDc  and  ADq  effect  each 
other  [4].  But,  as  a  first  approximation,  we 
can  assume  [5,  6]  ADc(0)<* aDc(N) ,  then 
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FIGURE  5 


Ratio  of  the  diffusion  coefficients  (D^/D^) 
versus  reviprocal  temperature 


AD=D„-D„=AD  ,  that  is,  the  measured  AD  can  be 
ON  0 


approximately  considered  to  be  the  result  from 
oxidation  solely. 


The  ADq,  as  has  been  recognized  [7,  8],  come 


from  non-equilibrium  point  defect  injection 
into  silicon  caused  by  oxidation  reaction  at 
SiC>2-Si  interface.  In  turn,  the  point  defect 
injection  would  be  dependent  upon  the  relative 
rate  between  the  diffusion  transporting  of 


oxidant  at  SiO^-Si  interface  and  the  reaction 


consuming  of  it  at  the  interface.  This  suggests 
that  the  lack  and  the  excess  of  oxidant  at  the 
interface  result  in  lnterstltall  and  vacancy 
injection,  and  so  for  OED  and  ORD  of  phosphorus 
The  pressurizing  is  in  favour  of  oxidpnt  trans¬ 
porting,  the  decrease  of  temperature  and  the 
Increase  of  time  result  in  retard  of  interface 
reaction,  hence  ORD  is  favoured.  In  a  similar 
way,  the  difference  in  oxidant  composition  and 
crystalline  orientation  also  has  effects  on 
OED  (ORD). 

In  summary,  the  result  of  high  pressure 
oxidation  shows  that  the  phosporus  diffusion 
can  be  enhanced  or  retarded,  it  is  dependent 
upon  the  oxidation  condition. 
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SHALLOW  JUNCTION  FORMATION  USING  CoSi,  AS  A  DIFFUSION  SOURCE 
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Thin  layers  of  C0S12  (120  nm)  were  used  as  a  source  for  B  and  As  diffusion  in  order  to  form  shallow  steep 
junctions  with  high  interface  concentration.  SIMS  depth  profiling  as  well  as  two-dimensional  characterisa¬ 
tion  of  the  indiffusion  demonstrate  the  power  fo  this  technique  over  a  wide  range  of  temperatures  and  times. 
Diodes  with  a  high  yield  and  a  very  low  leakage  current  density  nA/cm2)  prove  the  reliability  of  the  process. 


1.  INTRODUCTION 

The  shrinking  of  device  dimensions  in  integrated  circuits 
necessitates  a  significant  reduction  of  junction  depths  towards 
the  0.1/im  scale.  In  order  to  improve  device  and  circuit  speed, 
however,  parasitic  elements  such  as  series  resistance  have  to  be 
reduced  as  well.  These  two  requirements  cannot  be  satisfied 
simultaneously  by  conventional  junction  formation  processes, 
nor  by  dopant  diffusion  from  poly-Si  such  as  applied  e  g.  in 
self-aligned  bipolar  devices  [1].  Silicides,  on  the  other  hand, 
are  proven  to  be  successful  in  order  to  reduce  the  contact 
and  sheet  resistances.  The  silicidation  of  extremely  shallow 
diodes,  however,  requires  special  attention.  When  the  con¬ 
ventional  silicidation  of  preformed  shallow  junctions  is  applied, 
the  diode  yield  decreases  drastically  with  decreasing  junction 
depth/silicide  thickness  ratio  [2].  Therefore,  the  diffusion  of 
dopants  from  the  silicide  into  the  silicon  is  an  attractive  al¬ 
ternative  to  this  process  [3].  Besides  the  benefit  of  avoiding 
direct  implantation  of  dopants  into  the  sin„  .-crystal  silicon, 
the  proposed  method  of  junction  formation  is  expected  to  be 
'self-adjusting'  to  the  silicide/silicon  interface  shape  which  has 
a  certain  degree  of  roughness.  Therefore,  junction  shortage  due 
to  inhomogeneous  silicidation  can  be  avoided. 

2.  EXPERIMENTAL 

In  this  work,  CoSij  was  used  as  a  source  for  B  and  As  dif¬ 
fusion  into  mono-Si.  In  order  to  study  the  fundamental  char- 
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acteristics  of  this  diffusion  source,  the  CoSij-salicide  process, 
as  described  in  [2],  was  applied  first  on  unpatterned  Si-wafers. 
After  formation  of  120  nm  CoSij  at  700°C  for  30  s  (RTP), 
the  desired  dopant  was  implanted  into  the  silicide  with  a  dose 
of  5.E15  cm-2.  Simulations  using  the  program  TRIM85  (4) 
were  used  to  determine  a  suitable  implantation  energy  assuring 
confinement  of  the  implant  within  the  CoSi2-tayer  (20  keV  in 
the  case  of  B,  50  keV  for  As).  Prior  to  the  diffusion  step,  the 
silicide  was  capped  with  200  nm  of  CVD-Si02  in  order  to  pre¬ 
vent  dopant  loss  to  the  ambient.  The  diffusion  cycle  was  either 
performed  in  a  conventional  furnace  or  in  a  rapid  thermal  pro¬ 
cessing  system  (RTP),  in  order  to  test  the  diffusion  behaviour 
and  stability  of  the  CoSi2-source  over  a  wide  range  of  temper¬ 
atures  and  times. 

In  a  second  experiment  shallow  silicided  n+-p  and  p+- 
n  diodes  were  fabricated  using  the  diffusion  of  dopants  from 
CoSij.  Active  areas  were  defined  by  a  conventional  LOCOS- 
technique.  The  silicidation,  implantation  and  diffusion  steps 
were  carried  out  following  identical  conditions  as  for  the  unpat¬ 
terned  wafers.  Then  a  CVD-oxide  was  deposited  and  contact 
windows  were  opened.  Ti/W  was  used  as  a  diffusion  barrier 
between  the  silicide  and  the  Al-metal  layer.  Finally,  a  sintering 
in  forming  gas  at  450°C  for  30  min  was  carried  out. 

3.  RESULTS 

Four-point  probe  measurements  were  performed  between 
the  processing  steps  to  check  the  change  in  CoSi2  sheet  resis¬ 
tance.  Due  to  implantation  damage,  the  initial  sheet  resistance 


of  1.25  n/Q  after  sHiddation  [2]  increased  to  5  fl/Q  in  the  case 
of  B  implantation  and  3  Q/D  far  As.  The  subsequent  diffusion 
steps  anneal  this  implantation  damage  and  cause  the  complete 
recovery  of  the  C0S12  sheet  resistance  (e  g.  1.1  fl/O  after 
9S0°C  anneal  for  30  min),  which  is  in  good  agreement  with  (5). 

The  diffusion  of  the  dopants  in  the  siKcide  was  measured 
by  secondary  ion  mass  spectrometry  (SIMS).  Figure  1  shows 
the  as-implanted  B  profile  in  comparison  with  the  800DC/30 
min  diffusion  step.  Due  to  the  fast  diffusion  of  B  in  CoSi2  at 
that  temperature  a  complete  equidistribution  has  taken  place 
in  the  silicide  at  a  concentration  level  of  about  3.E20  cm-3 .  At 
the  interface  to  the  Si02-layer,  boron  tends  to  segregate  (Si02 
was  etched  off  prior  to  SIMS  measurement). 
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FIG.  1:  Boron  profiles  measured  by  SIMS:  as-implanted 
and  diffused  out  of  CoSi2  at  800°C  for  30  min. 

In  fact,  more  important  for  device  applications  is  the  indif¬ 
fusion  of  the  dopants  from  the  silicide  into  the  mono- Si.  Espe¬ 
cially  the  temperature-dependent  junction  depth  and  interface- 
concentration  are  of  main  interest  for  scaling  and  contact- 
resistance  respectively.  In  order  to  exclude  matrix-effects  during 
SIMS-measurement  and  to  avoid  limitations  in  depth  resolu¬ 
tion,  the  CoSi2  was  selectively  removed  from  the  mono-Si  by 
etching  in  25  %  HF.  Figure  2  shows  the  indiffusion  of  boron 
from  C0S12  for  different  heat-cycles.  Junction  depths  from  100 
nm  (for  800°C/120  min)  to  500  nm  (for  1100°C/60  s)  and 
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FIG.  2:  SIMS-profiles  of  B-indiffusion  from  C0S12  at  dif¬ 
ferent  heat  cycles. 

interface-concentrations  between  3.E19  cm"3  (at  960° C)  and 
8.E19  cm-3  (at  1100°C)  show  the  reliability  of  CoSi2  as  a  diffu¬ 
sion  source  over  a  wide  temperature  and  time  range.  A  junction 
depth  of  about  200  nm  can  either  be  achieved  by  950°C/30  min 
furnace  anneal  or  by  1050°C/10  s  RTP.  As  expected,  the  sur¬ 
face  concentration  is  higher  for  the  RTP  sample.  The  same 
tendency  is  shown  in  fig.  3  for  As-indiffusion.  However,  due 
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FIG.  3:  SIMS-profiles  of  As-indiffusion  from  CoSi2  at  dif¬ 
ferent  heat  cycles. 


to  the  lower  dHfasivity  of  As  in  mono-Si  [7],  the  As-junctions 
are  shallower  than  the  B-junctions  formed  at  equivalent  condi¬ 
tions.  Interface  concentrations  between  2.E20  cm-3  and  3.E20 
cm'3  were  achieved  for  As  at  950° C  and  1100°C,  respectively. 
In  general,  the  indiffusion  behaviour  of  B  and  As  from  C0S12 
is  very  similar  to  the  indiffusion  from  poly-Si  [6],  (7],  Slight 
deviations  in  the  interface  concentrations  could  be  due  to  the 
different  segregation  behaviour  or  solid  solubility  of  dopants  in 
CoSi^  which  requires  additional  experiments. 

SlMS-depth  profiling  on  shallow  junctions  (<  50  nm)  (e.g. 
800°C/120  min  As-indiffosion)  need  special  measurement  con¬ 
ditions  such  as  low  energy  primary  ion  beam,  which  increases 
measuring  time  drastically.  For  determination  of  the  junction 
depth  only,  the  method  of  bevel  and  staining  (BS)  is  more  ef¬ 
ficient  on  these  samples.  Table  1  gives  a  summary  of  the  junc¬ 
tion  depths  obtained  for  B  and  As  for  various  annealing  condi¬ 
tions,  measured  with  SIMS,  BS  and  spreading  resistance  probe 
(SRP).  Taking  into  account  that  these  independent  methods 
yield  junction  depths  at  different  doping  levels,  a  good  agree¬ 
ment  is  obtained  between  the  different  results  which  proves  the 
reliability  of  the  data. 
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TABLE  1:  Comparison  of  junction  depths  obtained  by 
indiffusion  from  CoSi2  and  measured  with  SIMS,  SRP, 
bevel  and  staining  (BS). 

An  important  issue  is  the  lateral  homogeneity  of  the  junc¬ 
tion.  Since  the  mentioned  analysis  methods  give  one-dimensional 
information  (averaged  over  a  large  sample  area)  only,  SEM 
was  applied  on  selectively  etched  cross-sections  to  visualize  the 
CoSi2-grains  and  the  two-dimensional  shape  of  the  diffusion 
front  with  high  resolution  (at  a  dopant  concentration  of  about 
5.E18  cm'3). 

Figures  4a  and  4b  give  examples  for  the  case  of  B-diffusion 
at  900°C/30  min  and  1050°C/30  s  respectively.  The  CoSi2- 


FiG.  4a:  SEM-cross-section  showing  the  CoSi2/Si  inter¬ 
face  and  the  diffusion  front  for  the  boron  diffusion  at 
900°C,  30  min.  FIG.  4b:  SEM-cross-section  for  boron 
indiffusion  at  1050°C  for  30  s.  FIG.  4c:  SEM-cross- 
section  showing  CoSi2-’globules’  surrounded  by  the  dif¬ 
fusion  front  for  As-diffusion  at  1100°C,  60  s. 

grains,  the  interface  to  the  mono-Si  and  the  diffusion  region  are 
clearly  seen.  These  micrographs  reveal  that  the  diffusion  front 
follows  the  CoSi2/Si  interface  at  a  nearly  constant  distance. 
The  explanation  for  this  self-adjusting  mechanism  is  similar  to 
that  for  the  polv-Si  diffusion  source  in  ref.  7.  The  CoSi2/Si 
interface  itself  behaves  like  a  grain  boundary  with  high  diffu¬ 
sivity.  The  dopants  are  mainly  supplied  by  the  vertical  grain 
boundaries,  but  also  from  the  bulk  of  the  CoSi2  [8].  Reaching 
the  interface,  they  immediately  redistribute  in  the  lateral  grain 
boundaries  before  slowly  diffusing  into  the  mono-Si. 

Figures  4a-4b  also  show  that  the  lateral  growth  of  the 
CoSi2-grains  from  dg  ~  0.3  //m  at  900°C/30  min  to  dg  ~ 
0.6  /rm  at  1050°C/30  s  is  accompanied  by  a  local  conglomera¬ 
tion  of  the  silicide.  This  in  consequence  causes  a  temperature- 
dependent  local  change  in  thickness  and  an  increase  of  the 
interface-roughness  from  about  50  nm  at  900°C/30  min  to 
about  140  nm  at  1100°C/60  s.  This  is  even  more  pronounced 
in  the  case  of  As-doping,  where  the  CoSi2-layer  has  balled  up 
locally  after  a  heat  cycle  of  1100°C/60  s.  However,  even  this 
extreme  case  confirms  the  self-adjusting  mechanism  of  indiffo- 
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sion  by  showing  the  CoSij-’jtobutes'  surrounded  by  the  diffu- 
son  front. 

Figure  5  gives  a  typical  l-V  (forward  and  reverse)  character¬ 
istic  of  diodes  formed  by  a  diffusion  of  8  or  As  at  800*0/120 
min  in  N2.  Table  2  summarizes  the  average  leakage  current 
density  for  several  diffusion  conditions  (devices  with  leakage 
current  density  higher  than  20  nA/cm2  were  considered  defec¬ 
tive).  Even  for  the  highest  temperature  cycles  (11QQ*C)  where 
the  silidde  has  balled  up  locally  (fig.  4c)  leakage  currents  as 
low  as  1  nA/cm2  (at  5  V  reverse  bias)  were  observed.  This 
also  indicates  that  the  generation  of  trap  centers  related  to  Co 
in  the  space  charge  region  must  be  much  less  pronounced  than 
expected  from  diffusion  length  (about  160  //m)  and  solid  solu¬ 
bility  (about  1.E15  cm-  *)  (9]  of  Co  in  Si  at  1100®C/  60  s.  Due 
to  the  non- planar  shape  of  the  junction  (fig.S) ,  the  breakdown 
voltage  is  expected  to  decrease  (10).  However,  no  difference 
was  seen  in  comparison  with  the  values  obtained  from  the  non- 
silicided  control  devices  (20  V  for  As,  30  V  for  B  ). 
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Vdiode  IV I 

FIG.  5:  l-V  characteristic  of  n+/p-diode:  As  diffused  out 
of  CoSi2  at  800°C  for  120  min. 


TABLE  2:  Comparison  of  leakage  current  and  yield  for 
B  and  As-diodes  formed  by  indiffusion  from  Co$i2. 


4.  CONCLUSIONS 

It  is  demonstrated  that  CoSi2  is  a  very  useful  and  flexi¬ 
ble  diffusion  source  for  arsenic  and  boron.  SIMS-analyses  show 
that  shallow  as  well  as  deep  junctions  with  high  interface  con¬ 
centrations  can  be  obtained  by  furnace  anneal  and  RTA.  Two- 
dimensional  analyses  of  the  diffusion  (SEM)  reveal  an  interface- 
related  self-adjustment  Of  the  diffusion  front  which  avoids  junc¬ 
tion  shortage  due  to  inhomogeneous  silicidation.  Diodes  formed 
by  B  or  As  indiffusion  from  CoSi2  show  ideal  forward  and  re¬ 
verse  characteristics  with  very  good  yield  even  for  extremely 
shallow  junctions  of  40  nm  (As)  and  100  nm  (B). 
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SEMXROX  bird's  baaks  wars  proeaaaad  lor  different  sets  of  parame- 
tars  including  variation  of  the  buffer  oxide  thickness,  nitride 
thickness  and  teaparatura .  A  numerical  simulator  is  used  to 
discuss  two-diaensional  streas-and  diffusion  effects. 


JL.  IHTRQPVCTIQH 

For  many  standard  oxidation  processes 
it  can  be  observed  that  the  oxidation 
rate  is  strongly  stress-dependent.  A 
qualitative  description  of  this  effect 
has  been  given  in  [1.2].  The  first 
effort  for  a  quantitative  analysis  of 
this  effect  was  made  in  [4]  where  cir¬ 
cular  etched  silicon  structures  were 
oxidized  and  the  oxide  thickness  was 
measured  as  a  function  of  the  radius. 
By  using  rotational  syaaetry  the  actual 
two-diaensional  problem  was  reduced  to 
one  dimension  and  thus  could  be  de¬ 
scribed  by  an  ordinary  differential 
equation.  In  [4]  the  different  oxida¬ 
tion  rates  for  concave  and  convex  cor¬ 
ners  were  attributed  aainly  to  a  pres¬ 
sure  dependence  of  the  viscosity  thus 
allowing  no  conclusion  on  the  behaviour 
of  oxidant  diffusion  under  stress. 

As  will  be  shown  in  the  next  section 
the  length-to-width  ratio  of  a  bird's 
beak  is  a  function  of  the  diffusion 
coefficient/reaction  constant  ratio. 
Thus  the  bird's  beak  experiaent  pro¬ 
vides  better  orthogonality  between  the 
oxygen  diffusion  and  reaction  because 
it  delivers  as  results  not  only  the 
oxide  thickness  but  also  the  length-to- 
width  retio  of  the  under-diffusion 
region. 


i*.  2£  DIFFUSION  EFFECTS 

In  [3]  it  was  shown  by  a  simple  quali¬ 
tative  model  that  the  length  of  the 
bird's  beak  grows  with  increasing 
buffer  oxide  thickness  and  diffusion 
constant  and  drops  with  increasing 
reaction  rate.  In  this  case  the  under¬ 
diffusion  of  the  naak  via  the  buffer 
oxide  was  considered. 


FZG.  1:  Typical  bird's  beak  geoaetry. 
The  start  of  the  under-diffusion-region 
is  defined  to  be  the  position  where  the 
oxide  thickness  reaches  z*+zi>/10.  The 
width  of  this  region  is  measured  at  the 
aask  edge. 

Exact  numerical  values  for  the  depen¬ 
dence  of  the  bird's  beak  length  on  D, 
K,  and  z*  can  be  extracted  from  numeri¬ 
cal  simulation  only.  For  this  purpose  a 
geometrical  definition  of  the  width-to- 
length  (w/1)  ratio  was  defined  accor¬ 
ding  to  Fig.  1.  For  the  numerical  simu¬ 
lation  the  Deal-Grove  model  was  ex- 
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tended  to  two  diaanaiona  by  using  tha 
Pinita  Element  method .  Viscous  flow  was 
assunad  for  oxida  dafornation. 

Fig.  4  shows  that  tha  dapandanca  of 
tha  w/l-ratio  on  buffar  oxida  thicknass 
is  linaar  wharaas  it's  dapandanca  on 
tha  raaction/diffusion  (k/D)  ratio  ex- 
hibits  a  rathar  nonlinaar  bahaviour 
(Fig.  2). 


FIO.  2:  Tha  w/1  ratio  of  a  bird's  baak 
dapanding  on  tha  raaction 

rata/diffusion  coafficiant  ratio.  (Tha 
linear  and  parabolic  growth  ratas  ara 
ralatad  to  these  constants  by  ki /k»  - 

k/20) 

mm«  KFFKCT8 

Tha  shape  of  tha  bird's  baak  is  in¬ 
fluenced  by  aachanical  straas.  Tha  two 
aechanisaa  involved  ara: 

-  direct  dafornation  of  tha  oxida  by 
pressure  exerted  by  tha  nitride  aask 

-  stress-dependant  coefficients  (Dif¬ 
fusion,  reaction,  viscosity  etc.) 


Tha  second  sat  of  aechanisaa  has  bean 
observed  by  various  workers  but  a  quan¬ 
titative  nodal  has  bean  given  only  by 
Kao  [4] .  Tha  coefficients  of  tha 
governing  aquations  are  dependant  on 
aachanical  stress  by  a  Boltzaann  type 
relational ip. 

(1)  k.  -  k.  exp(-o.Vk/kT 
D-D.  exp(-pVo/kT) 

C*  -  C*.  exp(-pVc/kT) 

M  ■  M»  exp(a(T)p) 

Oi  denotes  the  normal  stress  at  the  Si- 
SiOi  interface,  p  tha  hydrostatic  pres¬ 
sure,  C*  tha  saturation  concentration 
and  p  the  viscosity  of  the  oxide.  The 
V's  are  denoted  as  activation  volumes. 


l  mmmng 

In  this  work  <100>  lightly  n-doped  (5- 
20  Qca)  silicon  wafers  were  cleaned  and 
oxidized  in  dry  Oi  to  fora  a  buffer 
oxida  between  100  and  800  A.  Silicon 
nitride  of  a  thickness  between  200  and 
2000  A  was  deposited.  After  chemically 
etching  the  nitride  a  wet  oxidation  was 
perforaed  at  temperatures  between  900 
and  1100  *C.  Tha  TKM  preparation  of  the 
cross  section  was  performed  by  mecha¬ 
nical  lapping  and  successive  ion  et¬ 
ching. 


I*.  VimreoH  sc  cm  seise  laicmasg 

Saaplas  ware  fabricated  with  various 
pad  oxida  thicknesses  at  1000* c  oxida¬ 
tion  taaparatura  with  a  1200  A  nitride 
aask.  Qualitatively  tha  profiles  behave 
as  axpactad  and  show  reduced  under-dif¬ 
fusion  for  lower  pad-oxide  thicknesses. 
However  a  quantitative  comparison  be¬ 
tween  aeasureaent  and  strass-fraa  simu¬ 
lation  shows  that  tha  measured  bird's 
beaks  have  the  tendency  to  be  longer 
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FIG.  3:  TEM  micrographs  of  bird’s  beaks 
grown  with  800  A  (a)  and  100  A  (b) 
buffer  oxide  together  with  stress-free 
simulation. 


no.  4:  w/1  ratio  versus  buffer  oxide 
thickness:  x»measured,  o-stress-free 
simulation 


and  flatter  than  the  simulated  pro¬ 
files.  The  agreement  is  quite  good  for 
a  large  pad  oxide  thickness  (Fig.  3a) . 
However  for  small  pad  oxide  thicknesses 
the  difference  is  clearly  visible  (Pig. 
3b) .  Xn  Fig.  4  the  w/1  ratios  of  mea¬ 
sured  and  simulated  bird's  beaks  are 
plotted  against  the  buffer  oxide  thick¬ 
ness.  The  comparison  with  the  stress- 
free  simulation  case  shows  that  the 
differences  increase  with  shrinking 
buffer  oxide  thickness. 


FIG.  5:  Effective  values  for  diffusion 
coefficient  (D)  and  reaction  rate  (k) 
depending  on  buffer-oxide  thickness 
normalized  with  respect  to  the  stress- 
free  values. 

To  quantitatively  estimate  the  influ¬ 
ence  of  stress  on  the  diffusion-  and 
reaction  rates  the  bird's  beaks  were 
re-calculated  with  the  values  for  these 
rates  adapted  such  that  the  best  fit 
for  the  geomtry  of  the  under-diffusion- 
region  was  obtained.  The. values,  which 
can  be  interpreted  as  mean-values  for 
the  whole  under-diffusion-region,  are 
shown  by  Fig.  5.  The  mask  effect  ap¬ 
pears  to  be  strong  for  a  small  pad 
oxide  thickness.  Xn  this  case  the  mask 
is  strongly  bent.  If  the  values  of  the 
coefficients  are  translated  into 
stress-values  via  Kao's  model  (1)  it 
can  be  concluded  that  for  thin  pad 
oxides  the  mask  exerts  strong  normal 
stress  along  the  interface  and  that 
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compressive  hydrostatic  prassure  is 
dominating  throughout  the  under-dif¬ 
fusion-region  .  The  mask  effect  becomes 
weaker  for  thick  pad  oxides.  The  aask 
is  only  slightly  bent  and  seems  to 
enhance  the  region  of  tensile  pressure 
shown  by  numerical  calculation.  Nonthe- 
leas  a  reduced  value  of  the  reaction 
rate  can  still  be  observed. 


jL.  YttllUflB  fit  Witrlde  ThjgfcBW 

To  investigate  mechanical  effects  sam¬ 
ples  were  fabricated  with  different 
nitride  thicknesses  at  different  tempe¬ 
ratures.  A  direct  deformation  of  the 
oxide,  which  leads  to  an  assymetric 
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no.  6:  effect  of  nitride  mask,  2000  A: 
direct  deformation  at  1100  *C  (a), 
influence  via  reduced  reaction  rate  at 
950*  (b) 


profile  could  only  observed  for  the 
maximum  nitride  thickness  (2000A)  at 
1100*  (Pig.  6a) .  For  the  same  nitride 
thickness,  but  lower  temperature  this 
effect  is  much  less  pronounced  (Pig. 
6b) .  This  is  due  to  the  fact  that  the 
oxide  becomes  softer  as  compared  to  the 
nitride  for  high  temperatures.  In  the 
second  case  the  mask  acts  only  indi¬ 
rectly  through  stress-induced  reduction 
of  the  reaction  rate.  This  results  in 
stronger  under-diffusion  and  thus  leads 
to  a  very  long  bird's  beak. 


CgMSlVSIPM 

Extensive  experimental  data  concerning 
the  influence  of  technology  parameters 
on  the  shape  of  MOS  field  oxide  were 
obtained  and  characterized.  Oxide 
growth  is  strongly  influenced  by  mecha¬ 
nical  effects.  It  was  shown  that  the 
influence  of  stress  on  the  reaction 
rate  plays  the  main  role.  In  addition 
the  diffusion  coefficient  is  enhanced 
significantly  for  some  cases.  Quanti¬ 
tative  data  on  these  effects  were  ex¬ 
tracted. 
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Monte  Carlo  simulations  are  perfectly  suited  to  check  the  validity  of  simple  models.  We  investi¬ 
gate  3  models:  First,  we  show  that  ID  models  for  the  implantation  into  multilayer  targets  give 
reasonable  results  only  if  the  stopping  powers  of  mask  and  bulk  material  are  similar.  Second, 
we  discuss  the  construction  of  2D  point  responses  from  ID  profiles.  Third,  we  show  that  the 
method  of  superposing  point  responses  at  mask  edges  may  fail  in  some  cases. 


1.  INTRODUCTION 

The  Monte  Carlo  method  is  known  to  be  the  most 
powerful  tool  for  the  simulation  of  ion  implantation. 
Analytical  models,  however,  require  much  less  CPU 
times  and  allow  easy  consideration  of  experimental 
data.  The  latter  is  particularly  important  because 
Monte  Carlo  simulations  usually  assume  amorphous 
targets  so  that  they  do  not  always  yield  correct  pro¬ 
files  for  implantations  into  crystalline  targets  (l|. 

As  simple  models  are  usually  based  on  physical  con¬ 
siderations  and  Monte  Carlo  simulations  take  physics 
most  accurately  into  account  (apart  from  the  assump¬ 
tion  of  amorphous  targets!,  Monte  Carlo  simulations 
are  perfectly  suited  to  check  the  validity  of  these  sim¬ 
ple  modeU.  In  particular,  we  will  investigate  in  this 
paper  ID  models  for  the  implantation  into  multilayer 
targets  (Chapter  2),  the  construction  of  2D  point  re¬ 
sponses  from  ID  profiles  (Chapter  3),  and  the  method 
of  superposing  point  responses  to  obtain  dopant  dis¬ 
tributions  near  mask  edges  (Chapter  4). 

Our  Monte  Carlo  program  is,  from  a  physical  point 
of  view,  similar  to  the  well  known  program  TRIM  [2|. 
One  mayor  difference  of  our  code  is  that  we  evaluate 
scattering  angles  by  interpolation  in  a  precomputed 
table.  The  2D  simulations  have  been  performed  with  a 
code  which  allows  arbitrary  geometries.  Both  features 
are  described  in  Ref.  |3|. 

2.  IMPLANTATION  INTO  MULTILAYER 

TARGETS 

In  a  recent  paper  |4j,  Ryssel  discussed  5  models  for 
the  implantation  into  multilayer  targets.  These  models 


consider  3  situations: 

1)  Implantation  into  bare  material  1  (concentration 
profile  Ci(x)). 

2)  Implantation  into  bare  material  2  (concentration 
profile  C2(x)). 

3)  Implantation  into  a  mask /bulk  structure  with  given 
mask  thickness  d,  where  the  mask  material  is  ma¬ 
terial  1  and  the  bulk  material  is  material  2  (con¬ 
centration  profile  C(x)). 

The  purpose  of  the  models  is  to  construct  C(x)  from 
C\(x)  and/or  C2(x).  Ci(x)  and  C2{x)  may  be  ob¬ 
tained  by  simulations  as  well  as  by  experiments.  The 
models  read: 


C(x)  =  j 
C(x)  = 

C(x)  =  • 
C(x)  =  ( 


Ci(x) 

x  <  d 

a  ■  C2 
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a  in  (1)  and  df  in  (2)  are  adjusted  in  such  a  way  that 
/  C(x)dx  =  /  Ci(x)dx  (=  /  C2(x)dx),  what  is  auto¬ 
matically  fulfilled  in  Models  3,  4,  and  5.  Rp j,  Rp2 
denote  the  mean  projected  range  and  ARpi,  ARp2  the 
standard  deviation  of  Ci(x),  C2(x). 

Ryssel  gave  qualitative  arguments  in  favour  of 
Model  1.  To  investigate  the  models  quantitatively,  we 
have  calculated  C\(x),  C2(x)  and  C(x)  by  Monte  Carlo 
simulations  and  then  constructed  C(x )  from  Ci(x)  and 
C2(x)  by  applying  one  of  the  Models  1-5.  Comparing 
the  two  versions  of  C(x),  one  can  easily  see  how  good 
the  models  are. 

Two  examples  are  shown  in  Fig.l  and  Fig. 2.  Fig.l 
shows  good  agreement  between  Model  1  and  Monte 
Carlo  results  for  an  As-implantation  into  SiO-2/Si.  In 
Fig.2  can  be  seen,  however,  that  the  model  fails  com¬ 
pletely  for  a  Be-  implantation  into  Si02/GaAs.  In 
this  case  the  profile  in  bare  Si02  would  describe  the 
profile  in  Si02/GaAs  much  better  than  the  profile  con¬ 
structed  by  Model  1.  This  indicates  that  the  models 
fail,  if  mask  and  bulk  material  have  very  different  stop¬ 
ping  powers  like  Si02  and  GaAs. 

To  confirm  this  result,  we  have  performed  simula¬ 
tions  for  B-,  As-,  Sb-,  and  Be-,  Si-,  Zn-  implantations 
into  Si02/Si  and  Si02/GaAs,  respectively,  at  3  differ¬ 


depth  [pm] 

FIGURE  1 

As-implantation  into  Si  through  a  Si02  mask, 
dashed  line:  Monte  Carlo  profile  in  Si02/Si. 
full  line:  Profile  in  Si02/Si  due  to  Model  1,  con¬ 
structed  from  Monte  Carlo  profiles  in  bare  Si02  and 
bare  Si. 


ent  energies  and  for  3  values  of  the  mask  thickness. 
P-implantations  have  not  been  considered  because  P- 
profiles  in  Si02  and  Si  are  almost  identical.  The  ener¬ 
gies  are  usually  30  keV,  100  keV,  and  500  keV  (10,  80, 
500  for  B  and  Be),  the  values  for  the  mask  thickness 
about  $ Rp  (“thin”),  5  .ftp  (“medium”),  5  ftp  (“thick”). 
In  order  to  present  the  results  in  a  compact  manner, 
we  have  introduced  4  degrees  (cf.  Tab.l  and  Tab. 2): 
“good”  means  that  the  profiles  deviate  in  depth  far  less 
than  10%,  “fair”  means  less  than  10%,  “poor”  more 
than  10%.  “catastrophic”  has  been  introduced  to  in¬ 
dicate  that  one  of  Ci(x),  C2(x)  would  represent  the 
profile  in  the  ma^k/bulk  structure  better  than  C(x)  as 
calculated  from  the  model. 

In  Tab.l  and  Tab.2  there  is  listed  for  each  mask 
thickness  and  each  model  the  number  of  cases  with 
good,  fair,  poor,  and  catastrophic  agreement.  (Note 
that  the  sum  of  each  column  is  9,  as  we  have  3  ion 
species  at  3  energies).  In  Tab.l,  which  is  for  Si02/Si, 
it  can  be  seen  that  the  general  agreement  is  quite  good, 
however,  only  Models  1  and  3  are  always  “good”  or 
“fair”,  and  Model  1  is  slightly  better  than  Model  3, 
in  agreement  with  Ryssel  [4|.  On  the  other  hand,  all 
models  completely  fail  for  Si02/GaAs  (Tab.2).  Only 
for  thin  masks  Model  3  gives  good  results. 


depth  [pm] 

FIGURE  2 

Be- implantation  into  GaAs  through  a  Si02  mask. 
dashed  line:  Monte  Carlo  profile  in  Si02/GaAs. 
full  line:  Profile  in  Si02/GaAs  due  to  Model  1,  con¬ 
structed  from  Monte  Carlo  profiles  in  bare  Si02  and 
bare  GaAs. 

dotted  line:  Monte  Carlo  profile  in  bare  Si02. 
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mask 

model 

Mm 

medium 

1  2  3  4  5 

thick 

1  2  3  4  5 

good 

9  4  9  7  1 

6  5  5  3  5 

9  9  4  1  9 

fair 

-  3  -  2  2 

3  4  4  1  4 

-  -  5  2  - 

poor 

-  1  -  -  6 

-  -  -  5  - 

-  -  -  6  - 

catastrophic 

-  1  -  -  - 

TABLE  1 

Number  of  cases  with  good,  fair,  poor,  and  catas¬ 
trophic  agreement  for  implantations  into  SiO^/Si. 


mask 

model 

thin 

1  2  3  4  5 

medium 

1  2  3  4  5 

thick 

1  2  3  4  5 

good 

fair 

poor 

catastrophic 

Mill 

3  -  1  -  - 
3  13  11 

3  8  5  8  8 

111-- 
8  8  8  9  9 

depth  [pm] 


TABLE  2 

Number  of  cases  with  good,  fair,  poor,  and  catas¬ 
trophic  agreement  for  implantations  into  SiO^/GaAs. 


FIGURE  3 

Depth  dependence  of  the  lateral  standard  deviation  for 
Be  in  GaAs  (100  keV). 


3.  CONSTRUCTION  OF  POINT  RESPONSES 

FROM  ID  PROFILES 

Responses  to  punctiform  beams  play  an  important 
role  in  the  Superposition  Method  (see  Chapter  4).  For 
a  long  time  it  was  believed  that  one  parameter,  namely 
the  lateral  standard  deviation,  would  be  enough  in¬ 
formation  to  construct  the  2D  point  response  C(x,y) 
from  the  ID  profile  Cuert(x).  This  was  simply  done  by 
multiplying  Cvcrt(x)  with  the  lateral  Gaussian  func¬ 
tion  gauss(y)  given  by  ay: 

C(x,y)  =  Cvert(x)  ■  gauss(y)  (6) 

This  means  that  the  lateral  profile  at  any  depth  is  a 
Gaussian  function  with  fixed  standard  deviation.  In  a 
previous  paper  [5]  we  have  shown  that  this  is  not  true 
for  Si-targets.  The  lateral  standard  deviation  depends 
strongly  on  the  depth,  and  also  the  lateral  profile  is 
not  always  well  represented  by  a  Gaussian  function. 

We  have  now  investigated  GaAs-targets,  and  we 
found  quite  the  same  behaviour  as  for  Si:  For  light 
ions  (Be)  the  lateral  standard  deviation  decreases  with 
depth  (Fig.3)  and  the  lateral  kurtosis  is  smaller  than  3. 
For  heavy  ions  (Zn)  the  standard  deviation  increases 
with  depth  and  the  kurtosis  may  assume  large  values 
near  the  surface.  For  Si-ions,  which  lie  between  the  two 
cases,  Oy  does  not  depend  very  much  on  the  depth. 


4.  SUPERPOSITION  METHOD 

The  superposition  law  says  that  the  response  to  a 
homogenous  beam  is  identical  to  the  sum  of  responses 
to  punctiform  beams  which  are  equidistributed  over 
the  width  of  the  homogenous  beam.  For  a  rigorous 
application  of  this  law  we  would  have  to  know  the 
actual  response  to  every  punctiform  beam  along  the 
surface.  In  practice,  however,  point  responses  are  con¬ 
structed  from  ID  profiles  and  may  therefore  not  take 
into  account  boundaries  other  than  perpendicular  to 
the  beam.  In  the  case  of  a  mask  edge  those  ions  are  not 
treated  correctly  by  the  superposition  method  which 
leave  the  mask  laterally  and  re-enter  the  target.  The 
question  is  now,  whether  these  ions  may  significantly 
contribute  to  the  total  dopant  concentration. 

To  investigate  this  question,  we  have  performed 
Monte  Carlo  simulations  for  a  simple  structure,  name¬ 
ly  a  rectangular  mask  on  a  planar  bulk.  In  this  rase, 
according  to  the  superposition  method,  no  ions  should 
reach  the  Si-region  which  have  originally  entered  the 
mask.  So,  if  we  only  expose  the  mask  surface  to  the 
computational  ion  beam,  any  concentration  in  the  Si- 
region  indicates  a  failure  of  the  model.  We  have  per¬ 
formed  simulations  for  B-  and  As-implantations  at  var¬ 
ious  energies.  The  results  for  B  at  100  keV  are  shown 
in  Fig. 4.  The  concentration  in  Si  is  about  one  order 
of  magnitude  lower  than  the  peek  concentration  of  di- 
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B+-ion»:  100  keV 


B+-ioo.:  100  keV 


FIGURE  4  FIGURE  5 

B-implantation  into  Si  by  a  rectangular  mask.  B-implantation  into  Si  by  a  rectangular  mask. 

The  contour  lines  represent  the  logarithm  of  the  The  contour  lines  represent  the  logarithm  of  the 

dopant  concentration  devided  by  the  dose  |l/cm|.  dopant  concentration  devided  by  the  dose  |l/cm). 

Only  the  mask  region  is  exposed  to  the  beam.  The  whole  simulation  area  is  exposed  to  the  beam. 


rectly  implanted  ions.  This  is  typical  for  all  cases  we 
r  have  simulated. 

In  Fig.5  it  can  be  seen  that  this  extra  concentration 
I  — as  compared  with  what  is  expected  by  the  superpo- 

i  sition  method — contributes  significantly  to  the  total 

distribution.  According  to  the  superposition  method, 
the  contour  lines  labeled  by  “3.5”  and  “4”  should 
be  straight  lines  for  lateral  coordinates  from  slightly 
larger  than  0  up  to  1.  Also  the  contour  line  labeled  by 
“3"  should  be  seen  there. 

\  For  As-  and  low  energy  B-implantations  this  extra 

<  concentration  may  be  well  neglected,  because  in  these 

cases  the  profiles  have  their  maximum  near  the  sur¬ 
face  and  will  therefore  cover  the  dopants  which  have 
made  their  way  through  the  mask.  A  similar  situa¬ 
tion  as  in  Fig.4  and  Fig.5  is  expected  for  high-energy 
P-implantations. 


I  To  avoid  this  effect,  one  could  use  a  thicker  mask, 

since  the  ions  which  leave  the  mask  laterally  will  then 
spread  over  a  wider  range.  E.g.,  for  a  mask  thickness 
of  2pm  in  Fig.5  the  effect  would  almost  disappear. 
|  Another  possibility  would  be  to  tilt  the  mask  edge.  In 

I  this  case,  however,  the  dopant  distribution  below  the 
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A  SIMPLIFIED  MODEL  FOR  THE  CHARACTERIZATION  OF  ANTIMONY  ION  IMPLANTATION  AND  DIFFUSION  ON 
SILICON 

REUSI  INES  FONSECA 

Laboratorio  de  Microeletronica  da  Escola  Politecnica  da  USP 
Departamento  de  Engenharia  de  Eletricidade,  P.O.  Box  8174 
05508  Sao  Paulo,  Brasil 

The  main  purpose  of  this  work  is  to  show  how  with  a  simple  analytical  model  of  diffusion, 
using  only  Rq  and  xj  experimental  data,  is  it  possible  to  calculate  the  relationship  be¬ 
tween  the  electrically  active  charge  and  the  initial  Implanted  dose  of  Antimony  in  Silicon. 
It  will  be  shown  that  Qe]/Qdose  <  1  in  agreement  with  many  others  authors1 »2, 3,  and  a  lower 
diffusion  coefficient  than  that  commonly  used  by  SUPREM  II  simulator  is  achieved  through 
this  model,  which  allows  good  fit  with  the  experimental  data. 


1.  INTRODUCTION 

High  dose  implantations  of  Antimony  in  Sil¬ 
icon  studies  are  receiving  considerable  atten¬ 
tion  in  recent  years,  by  many  authors1 »2,3,4> 
owing  to  their  applications  as  an  impurity  source 
in  the  fabrication  of  buried-layers  in  high 
speed,  low  power  dissipation  Bipolar  Transis- 
tors5»6,and  resistors  with  special  characteris¬ 
tics7,  convenient  for  VLSI  circuits.  It  is  well 
known  that  for  small  concentrations  of  Sb  in  Si, 
almost  100*  substitutionallity  and  electrical 
activity  is  achieved2,3t  whereas  high  concen¬ 
trations  exceeding  the  solid  solubility  limits 
of  Sb  in  Si  form  metastable  solutions  and  cause 
segregation  effects,  indicating  that  a  fraction 
of  substitutional  Sb  is  electrically  inactive. 
A  complete  characterization  of  these  high  con¬ 
centrations  of  Sb  in  Si,  their  decomposition  in¬ 
to  precipitates,  informations  about  the  exact 
Sb  atoms  crystallographic  location  in  the  lat¬ 
tice  and  the  degree  of  their  electrical  activ¬ 
ity  has  been  extensively  studied,  through  a  va¬ 
riety  of  analytical  techniques^. 

This  work  shows  through  a  simplified  analyt¬ 
ical  model  of  diffusion,  using  only  Rn  and  xj 
experimental  data,  that  is  it  possible  to  cal¬ 
culate  the  relationship  between  the  electrical¬ 
ly  active  charge,  Qe},and  the  initial  Implanted 
dose,  Qdose*  st)  ln  S1»  together  with  the  fol¬ 
lowing  parameters:  diffusion  coefficient  Demean 
mobility  u  and  carrier  concentration  C. 


These  results  are  in  good  agreement  with 
those  published  earlier  by  many  others  authors, 
indicating  that  this  model,  although  very  simple, 
is  sufficiently  adequated  to  describe  the 
fenomena  correlated  with  the  Sb  diffusion  on 


2.  THE  ANALYTICAL  MODEL 

After  annealing  and  drive-in  diffusion, impu¬ 
rity  concentration  redistribution  from  an  ion- 
implanted  source  can  be  treated  as  a  Gaussian 
profile,  with  fixed  amount  of  impurities,  given 
by  Qdose-  Therefore,  it  is  well  known  that  only 
a  fraction  of  these  QdoSe  is  electrically  ac¬ 
tive,  named  Qej ,  and  given  by: 


qviRa 

From  Rq  experimental  data,  the  only  way  to 
calculate  the  actual  Qe]  is  through  the  mean 
mobility  u  variations,  which  have  a  dependence 
over  the  mean  impurity  concentration  C.  These 
parameters  can  be  interconnected  through  the 
following  definitions: 
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u  -  unin  +  u,ax  -  ^-n  - 

r  a 

1  +  <-M 

Nref 


(3) 


where: 

u«1n  »  86,5  cm2  V*  s"l 
Umax  =  1354,5  era2  V"^  s'^ 

7  =  mean  Impurity  concentration 

o  =  0,91 

Nref  *  1,3  x  101 7  cffl‘3 

It  can  be  shown  that  for  a  long  time  diffu¬ 
sion  the  junction  depth,  xj.  Is  given  by: 

Qdose 


2 

XJ 


4Dt  in 


(4) 


Cg  /if  D^j 

A  linear  function  is  obtained  from  Xj  x  /T 


plotting  .whose  gradient  dxj/d/T  allows  the  dif¬ 
fusion  coefficient  D  determination  from  rela¬ 
tion  (4): 


/IT 


dx 


L 


1 


d/T 


in 


Qdose  I172 


Cb  /ToT 


(5) 


The  first  step  in  an  iterative  calculation 
between  the  relations  (1),  (2),  (3)  and  (5 ), con¬ 
siders  that  all  implanted  Impurity  is  electri¬ 
cally  active,  so  that  it  Is  obtained  the  first 
values  of  D,  C,  u,  and  Qei-  Subsequent  Iteration 
calculations  will  allow  to  get  the  actual  values 
of  D,  C,  u  and  Qei,when  convergence  is  achieved. 

As  will  be  seen  in  the  next  Item,  using  only 
the  xj  and  RQ  experimental  data  It  will  be  pos¬ 
sible  to  obtain  results  comparable  with  those 
from  another  authors,  whose  experimental  data 
were  obtained  from  several  technological  facil¬ 
ities,  like  RBS  analysis.MOssbauer  spectroscopy. 
Hall -effect  measurements,  and  so  on3 >3, 


3.  EXPERIMENTAL  PROCEDURES 

All  Sb  Implantation  were  performed  In  a  home¬ 
made  equipment,  with  an  energy  E  ■  100  Kev  and 
dose  $  *  5  x  lO^cm-2,  at  room  temperature,  in 
a  7°  off-axis  direction.  Into  silicon  wafers 


type  P,  <100>,  p  «  10-200. cm.  After  typical 
annealing  at  low  temperature,  T  »  500°C,  and  0£ 
ambient,  for  60m1n,  It  was  carried  out  the 
dopant  diffusion  In  Og  ambient,  T  *  1200°C,  In 
4  different  times,  4,  9,  16  and  25  hours.  Sub¬ 
sequent  measurements  of  Rq  and  xj  of  those 
samples  were  used  to  calculate  the  diffusion 
coeeflcient,  mean  Impurity  concentration,  mean 
mobility  and  electrically  active  charge  by  means 
of  that  iterative  procedure  suggested  by  the 
model  described  earlier  in  this  paper. 

4.  RESULTS  AND  DISCUSSION 

Figure  1  shows  experimentally  determined 
junction  dephts,  Xj,  and  sheet  resistance  mean 
values  Rq  ,  obtained  for  several  samples  over  a 
wide  range  of  heat  treatment  times,  compared 
with  the  simulated  values  produced  by  SUPREM  II, 
only  with  the  purpose  of  a  more  detailed  over¬ 
view  about  Sb  diffusion  on  Si  behavior: 

»a  XJ 


figure  1 

Comparison  between  SUPREM  II  and  experimental 
Rq  and  xj  values. 

As SUPREM  II  has  not  an  Antimony  cluster  mod¬ 
el,  the  predict  data  are  overestimated  in  the 
sense  that  all  Implanted  impurity  is  considered 
as  electrically  active,  and  the  experimental  re¬ 
sults  are  below  those  simulated;  moreover,  the 


saturation  on  Rq  experimental  data  indicates  a 
saturation  on  Qei •  due  to  the  formation  of  ex¬ 
tended  defects  like  new  Sb  clusters  or  precipi¬ 
tates  during  the  heat  treatment2,  not  consid¬ 
ered  by  SUPREM  II. 

From  (dxj/d/Dgxp  of  figure  1  and  using  the 
analytical  model  proposed  on  this  work,  it  was 
calculated  the  new  diffusion  coefficient  D 
value  (D2  1 ,16xl(Hlcm2.min*J ) ,  and  consequent¬ 
ly,  the  C,  u  and  Qei  parameters.  Modyfying 
SUPREM  II  by  introducing  the  new  values  of  D 
and  Qei  as  the  initial  implanted  dose,  it  was 
obtained  a  good  fit  with  experimental  Rq  and 
xj  values,  as  illustrates  figure  2  below: 


«0  *J 


FIGURE  2 

Comparison  between  modified  SUPREM  II  and  Rn 
and  xj  experimental  values. 

Finally,  on  figure  3  it  is  shown  the  rela¬ 
tion  Qel/Qdose  *  */T.  where  two  points  must  be 
emphasized: 

■  Qel/Qdose  <  1  indicates  that  only  a  frac¬ 
tion  of  implanted  dose  is  electrically  ac¬ 
tive,  probably  that  one  on  undisturbed 
substitutional  lattice  sites.  This  per¬ 
ceptual  result  shown  in  figure  3  is  in 
good  agreement  with  others  authors^ >2*^; 

-  the  saturation  of  Qel/Qdose  for  long  time 
diffusion  is  an  expected  result,  and  indi¬ 
cates  a  reduction  of  the  electrically  ac¬ 


tive  fraction  of  Antimony,  probably  by  the 
formation  of  precipitates2  or  Sb-vacancy 
complexes2*4. 
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FIGURE  3 

Qel/Qdose  as  calculed  by  the  model  proposed  on 
this  work. 

Although  not  presented  here  the  mean  concen¬ 
tration,  C,  and  mean  mobility,  u,  as  calculated 
by  the  model6, seems  to  be  in  agreement  with  re¬ 
sults  from  another  authors2 >3*8. 

5.  CONCLUSIONS 

In  this  work  it  was  presented  a  very  simple 
analytical  model,  that  allows  to  get  informa¬ 
tions  about  the  electrically  active  fraction  of 
Antimony  implanted  on  Silicon,  taking  into  ac¬ 
count  only  Ra  and  Xj  experimental  data.  The 
results  of  the  model  have  shown  that  the  diffu¬ 
sion  coefficient  of  Antimony  on  Silicon  is  low¬ 
er  than  that  used  by  SUPREM  II  simulator,  and 
that  only  a  fraction  of  the  initial  implanted 
dose  is  electrically  active,  as  previously  pub¬ 
lished  by  many  others  authors.  The  modification 
of  SUPREM  II  by  introducing  these  new  data  al¬ 
lowed  a  good  fit  with  experimental  RD  and  Xj 
data. 
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GLASS  REFLOM  MODELING  FOR  PROCESS  OPTIMIZATION 

A.  TISSIER,  A.  PONCET  and  3.F.  TEISSIER 
CNET-Grenoble  -  Franca 


1  INTRODUCTION 

PSG  and  BPSG  are  intensively  used  in 
VLSI  processes  for  their  flow  capability  . 
In  a  aicronic  Multilevel  Metallisation 
technology,  it  is  necessary  to  control  the 
flow  annealing  which  tends  to  saooth  the 
topology,  particularly  in  two  places  :  the 
gate  overlap  and  the  contact  window  steps 
In  the  literature,  work  has  been  aentionned 
which  deals  essentially  with  aeasureaents  on 
SEN  views  of  the  tangential  angle  of  the 
layer  at  the  step  edge  as  a  funtion  of  the 
annealing  paraaeters  and  the  glass 
coaposition  [l],[5],[7].  A  new  approach  is 
presented  here,  which  coabinea  experiaental 
results  with  nuaerical  siaulations  of  glass 
reflow,  in  order  to  predict  the  "optiaal” 
annealing,  i.e.  an  increased  planarity  and  a 
ainiaization  of  parasitic  theraally  activated 
phenoaena  (dopant  diffusion).  Coupling  SEN 
aeasureaents  and  nuaerical  siaulations  allows 
to  process  only  one  test  pattern  and, 
furtheraore,  to  extrapolate  the  results  to 
any  case. 


2  PHENOMENOLOGICAL  STUDY  OF  THE  VISCOUS  FLOW 

In  order  to  ainiaize  the  induced 
technological  dispersions,  the  siaplest  test 
pattern  is  chosen,  i.e.  a  rectangular  glass 
slab  (0.8  pa  height  and  4  pa  width).  After 
cleaving  ,  the  geoaetrical  evolution  of  cross 
sections  is  studied  by  SEN  aeasureaents  as  a 
fonction  of  the  RTA  paraaeters  (T  froa  950  o 
C  to  1190  o  C  ,  t  froa  10  to  80  s)  end  the 
glass  coaposition  (6X  w/o  P  to  8.9X  w/o  P  PSG 
and  5X  w/o  B,  5X  w/o  P  BPSG).  As  depicted  on 
figure  1  the  glass  reflow  leads  to  the 
Modification  of  the  following  three 
geoaetrical  paraaeters 


-  the  angle,  8, 

the  thickness  at  the  Middle  of 

the  step,  h, 

-  the  curvature  radius,  R; 

The  first  paraaeter  being  the  aore 
sensible  to  the  reflow  annealing,  it  is 
chosen  to  quantify  the  viscous  deforaation. 

Experiaents  aade  on  both  gate  overlap 
and  test  pattern  show  that  for  6  equal  to  15 
degrees,  the  planarisation  is  acceptable.  Me 
observe  that  even  in  siaplest  cases,  it  is 
difficult  to  directly  coapare  experiaental 
and  siaulated  profiles  because  of  the 
dispersion,  wafer  to  wafer  or  run  to  run,  on 
data  related  to  the  slab  roraation,  i.e. 
thickness,  CD,  angle  after  etching  and  local 
glass  coaposition,  therefore,  it  is  necessary 
to  average  data. 

The  evolution  of  B  according  to  the 
tiae  is  Measured  for  different  teaperatures  , 
and  for  various  glasses.  Let  t  denote  the 
annealing  tiae  which  leads  to  8*15  degrees, 
t  values  are  extracted  froa  these 
aeasureaents;  next,  ln(t)  is  plotted  as  a 
function  of  1/T  (figure  2). 

Froa  these  curves  it  can  be  observed 

that  : 

-  the  linearity  of  this  function  allows 
to  fit  physical  paraaeters  related  to  glass 
viscosity  by  carriing  out  linear  regressions 
(see  section  3); 

-  Moreover,  when  these  curves  are 
super laposed  with  siailar  curves  related  to 
other  theraally  activated  phenoaenon  (here 
boron  diffusion)  it  is  posslbls  to  identify 
the  optiaal  teaperature  range  for  a  given 
glass. 
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Fig.  1  -  GeomMrical  evolution  ol  a  (octangular  slab 

-  a  -  SEM  views  (8.6%  w/o  P  PSG.  T-J190C.I-5,  10.  20  and  40  s) 

-  b  -  Simulation  results  compared  with  SEM  view  at  t-20  s. 


1M00/TCK) 

Fig.  2  -  Logarithm  ol  the  time  necessary  to  get  ©-  IS*  as  a  function  ol  VT 


3  NUMERICAL  SIMULATION  OF  GLASS  REFLOW 
3.1  Viscous  Flow  Model 

Under  usuel  processing  temperatures, 
the  viscosity  of  pessivetion  glssses  is 
sufficiently  high  to  essuee  thet  stetionnery 
Stokes  equations  ere  velid  for  Modeling  their 
reflow.  The  driving  force  is  the  surfsce 
tension  [8],  which  tends  to  saooth  the  free 
surfsce  by  increasing  curvature  radius  in 
such  a  way  that  tha  croas  section  of  any 
bounded  slab  of  glaaa  tends  to  be  a  piece  of 
perfect  disk  (figure  1).  However,  auch  final 
shapes  have  no  practical  interact  and  are  not 
valid  for  unbounded  slabs,  Moreover, 
InterMediate  stages  can  not  be  accurately 


predicted  under  geoaetrical  considerations 
only  (A].  Tharafora,  coaputer  siaulations 
ara  necessary,  i.a.  discretization  of  Stokes 
equations.  These  equations  can  be  sunnarized 
as  follows  in  the  2-0  case: 

— >  ->  — > 

(3.1)  v  Oiv  (  Grad  V  )  *  -  Grad  p 


(3.2)  Oiv  V  =  0  in  the  Material, 

where  Va(Vx,Vy)  is  the  local 
velocity,  v  is  the  viscosity 
and  p  the  internal  preasure; 

(3.3)  Vx  =  Vy  s  0  (non-slip  condition) 

on  the  interface  between 
glass  and  substrate, 


(3.4)  Vx  a  0  (slip  condition) 

Blong  syaetry  axes  and 
lateral  sections, 

(3.5)  p  *  Y  /  R  along  the  free  sur¬ 

face,  where  Y  is  a  surface 
tension  coefficient  and  R  is 
the  curvature  radius. 

A  Major  application  of  glass  reflow 
siaulation  concerns  contact  holes;  for  that 
purpose,  an  axisyaetric  expression  of  the 
equetions  hss  been  set  under  a  variational 
fora;  3-0  effects  have  been  clearly  evidenced 
in  nuaerical  experiments:  B  becoees  much 

SMaller  when  the  radius  of  a  contact  hole 
decreases  (figure  3). 


3.2  Viscosity  Fitting 

The  aain  advantage  of  the  above  model 
is  its  linearity  according  to  v/Y;  this  ratio 
can  be  easily  identified  from  experiMents  as 
follows: 

1.  arbitrary  v/Y  ratio  and  time  scale 
are  chosen  (let  say  v/Y»l),  then 
computer  siaulation  is  performed; 
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2.  numerical  results  are  compared  with 
measurements  (figure  1)  in  order  to 
set  the  time  scale  which  corresponds 
to  a  given  glass:  let  tn  be  the 

time  necessary  to  reach  a  given  0 
value  in  the  coaputer  siaulstion, 
and  ta  the  corresponding  tiae 
deduced  froa  experiments;  therefore, 
the  actual  value  of  v/Y  is  ta/tn. 

According  to  the  two  linearities 
aentionned  above,  relation  (2.1)  can  be 
re-written,  first: 

(3.6)  ln(t)  =  A  +  B/T 
and  then 

(3.7)  ln(v/Y)  =  A  +  B/T  -  ln(tn) 
which  confiras  the  classical  expression  [2]: 

(3.8)  v/Y  =  uO  .  exp(E/kT) 

while  giving  an  straightforward  evaluation 
of  uO  and  E  parameters : 

(3.9)  uO  —  exp(A)/tn 

(3.10)  E  =  k  .  B  where  k  is  the 

Boltzaann  constant. 

By  using  measurements  depicted  on 
figure  1  for  a  4  jia  long  and  0.8  pa  high 
step,  this  method  leads  to  values  for  E  and 
uO  which  are  presented  on  table  1;  however, 
the  reproducibility  of  the  slab  dimensions 
and  of  RTA  paraaeters,  the  accuracy  of 
aeasureaents  and  the  temperature  range  are 
too  low  to  quantify  the  dependence  of  E  and 
uO  versus  glass  composition. 


3.3  Nuaerical  Schemes  And  Coaputer 
Environment. 

Equations  (3.1)-(3.5)  are  discretized 
by  using  classical  3-node  triangular  finite 
eleaents,  meshes  are  automatically  generated 
and  refreshed,  in  the  same  way  as  in  10C0S 
simulation  [7].  Incoapressibility  condition 
(3.2)  is  taken  into  account  iterativelly,  by 
using  classical  Uzawa  algorithm.  Surface 
condition  (3.5)  is  expressed  through  a 


boundary  integral  in  the  variationnal  fora  of 
the  equations. 

Impurity  diffusion  and  glass  reflow 
have  been  coupled  in  TITAN  process  simulator 
[3],  in  order  to  achieve  technological 
parameter  optimization  which  has  been 
aentionned  in  Section  1. 


4  CONCLUSION 

A  simple  linear  viscous  flow  model 
has  been  presented  in  order  to  predict  PSG  or 
BPSG  gless  reflow.  A  method  has  been 
presented  for  identifiing  viscosity 
paraaeters  for  any  given  glass,  in  order  to 
optimize  glass  reflow,  anywhere  on  the  wafer. 

However,  the  application  of  this 
approach  depends  drastically  on  the  initial 
structure  (composition,  shape  of  the 
slab,...)  and  on  RTA  parameters  variations; 
therefore,  a  general  expression  of  viscosity 
versus  temperature  and  glass  composition 
cannot  be  set  as  long  as  these  data  are  not 
accurate  enough. 


PSG 

BPSG 

6% 

75 

8.65 

E  (eV) 

5.15 

4.56 

1.25 

1.08 

-13 

-11 

-29 

-28 

uO 

10 

10 

10 

10 

TABLE  1.  Viscosity  parameters  from 
fits  between  measurements  (Fig.  1)  and 
computer  simulation 
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Figure  3.  8-angle  versus  ties: 

-a-  0.4  pe  thick  and  4  ue  long  slab, 
-b-  0.8  fie  thick  and  4  ue  long  slab, 
-c-  cylindrical  contact  hole, 

hightsO.4  ue,  radiussO.25  ue. 
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MONTE-CARLO  ION  IMPLANTATION  A NO  COMPOSITE 
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Analytical  methods  for  the  description  of  ion  Implantation  show  good 
agreement  with  experiment  and  Monte-Carlo  simulations  In  most  cases. 
Problems  arise  with  special  geometries  such  as  trenches.  To  be  able  to 
simulate  Implantation  and  diffusion  In  such  cases,  a  Monte-Carlo  Interface 
has  been  added  to  the  process  simulation  program  COMPOSITE. 


1.  INTRODUCTION 

To  meet  the  needs  of  shrinking  device 
dimensions,  process  simulation  programs  are 
required  which  use  accurate  physical  models  for 
the  simulation  of  process  steps,  use  efficient 
algorithms  to  reduce  computing  time  and  are 
able  as  well  to  deal  with  a  complete  process 
sequence  as  to  transfer  the  results  as  Input 
for  device  simulation.  These  three  requirements 
are  very  hard  to  be  fulfilled  with  one  simula¬ 
tion  tool,  as  accurate  process  models  very 
often  require  large  computing  time,  for 
instance  In  case  of  Boltzmann  transport 
equation  calculations  or  Monte-Carlo  simula¬ 
tions  [1]. 

In  the  following,  the  approach  to  ion 
implantation  used  In  COMPOSITE  [2]  is  briefly 
mentioned  along  with  Its  limitations.  The 
Monte-Carlo  Interface  which  has  been  added  to 
COMPOSITE  Is  described  and  Its  application  is 
shown. 

2.  COMPOSITE 

The  universal  two-dimensional  process 
simulation  program  COMPOSITE  (£gmplete  Modeling 
£rogram  gf  Silicon  Igchnology)  is  a  user- 
friendly  and  easlly-portable  tool  for  the 
simulation  of  Ion  Implantation,  diffusion, 
oxidation,  etching,  lithography  and  layer 


deposition.  For  the  simulation  of  Ion  Implanta¬ 
tion,  analytical  equations  are  used  for  the 
dopant  concentration  profiles.  This  Includes 
the  well-known  Pearson  IV-distrlbutions  [3] 
along  with  range  parameters  from  experiments 
for  the  vertical  dopant  concentration  profile 
In  one  layer,  a  lateral  convolution  with  a 
Gaussian  profile  and  a  special  multilayer  model 
[4],  which  takes  into  account  the  different 
stopping  powers  of  the  layers.  In  figure  1, 
results  obtained  with  COMPOSITE  for  an  Implan¬ 
tation  of  60  keV  phosphorus  at  an  AlgOs-mask 
edge  are  compared  to  results  obtained  using  the 
widely  used  Runge  model  [5]  (broken  lines), 
which  assumes  the  same  stopping  power  for  all 
layers.  According  to  the  Runge  model,  the  AI2O3 
layer  would  not  be  thick  enough  to  mask  the 
silicon.  From  the  COMPOSITE-result  It  can  be 
seen  that  the  AI2O3  thickness  is  sufficient  to 
stop  the  ions. 

3.  MONTE-CARLO  SIMULATIONS 

Other  methods  for  the  simulation  of  ion 
Implantation  such  as  Monte-Carlo  simulations 
[1]  require  much  more  computing  time  in 
comparison  to  analytical  models  and  are, 
therefore,  not  suited  for  permanent  use  In  a 
process  simulation  tool.  But  they  are  very 
Important  for  the  evaluation  of  analytical 


also:  Lehrstuhl  fQr  Elektronlsche  Bauelemente, 
Universltit  Erlangen-NQrnberg, 
Artlllerlestrasse  12,  D-8520  Erlangen,  Germany 
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1019  1020  cm"^ 


COMPOSITE-simulation  of  implantation  of  a  1015 
cm-3  dose  of  phosphorus  at  an  energy  of  60  keV 
near  an  AI2O3  mask  edge. 


descriptions  of  Implantation  profiles  and  for 
the  simulation  of  Implantations  Into  geometries 
which  cannot  be  described  adequately  by 
analytical  models.  One  main  point  of  Interest 
Is  the  Implantation  Into  trenches  In  silicon. 

Figure  2  shows  the  result  from  a  Monte- 
Carlo  simulation  with  a  modification  of  TRIM, 
TRIMSURF  [6],  of  an  Implantation  of  150  keV 
phosphorus  Into  a  2  pm  deep  and  0.4  pm  wide 
silicon  trench.  200  000  particles  were  used  for 
this  simulation.  In  this  example,  a  sidewall¬ 
doping  by  Ions  which  have  been  scattered  out  of 
one  sidewall  and  have  been  re-implanted  into 
the  other  sidewall  can  be  seen.  This  sidewall 
doping  Is  of  great  importance  and  cannot  be 
accessed  by  analytical  models.  Therefore,  It  Is 
very  Important  to  use  such  Monte-Carlo  results 
within  general  simulation  tools. 
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FIGURE  2 

Monte-Carlo  simulation  of  Implantation  of 
phosphorus  at  an  energy  of  150  keV  Into  a  2pm 
deep  and  0.4  pm  wide  silicon  trench.  200  000 
particles  were  used  for  this  simulation. 
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Mask 


FIGURE  3 

Monte-Carlo  simulation  of  Implantation  of 
arsenic  at  an  energy  of  100  keV  Into  silicon 
near  a  mask  edge. 


*.  USE  OF  MONTE  CARLO  SIMULATIONS  FOR  COMPOSITE 

To  be  able  to  transfer  results  from  Monte- 
Carlo  simulations  to  COMPOSITE,  an  Interface 
has  been  Implemented. 

First,  some  modifications  to  TRIMSURF  have 
been  done.  These  Includes  the  gathering  of  the 
particle  distribution  data  in  a  COMPOSITE- 
compatlble  shape.  Furthermore,  smoothing  by 
neighborhood  averaging  Is  done  to  reduce 
statistic  fluctuations  with  the  data:  Con¬ 
centrations  are  recalculated  as  arithmetic 
means  of  the  point  In  question  and  its  eight 
nearest  neighbors.  The  dopant  concentration 
arrays  are  then  stored  to  a  file. 

Second,  COMPOSITE  reads  these  data  from  the 
file  and  scales  them  according  to  the  Implanta¬ 
tion  dose  desired. 

In  figure  3,  an  example  for  a  Monte-Carlo 
simulation  of  an  Ion  Implantation  of  100  keV 
arsenic  Into  a  silicon  layer  near  a  mask  edge 
Is  shown.  The  Monte-Carlo  data  have  been 
transferred  to  COMPOSITE.  In  the  equlconcentra- 
tlon  line  plot  the  fluctuations  In  the  third 
and  fourth  contour  line  result  from  the  limited 
number  of  particles  used  with  the  Monte  Carlo 


FIGURE  4 

Comparison  of  TRIMSURF  and  COMPOSITE  results 
for  Implantation  of  a  dose  of  lO15  c,-!  arsenic 
at  an  energy  of  100  keV  Into  a  two-layer 
structure  near  a  mask  edge. 

Drawn  line:  TRIMSURF,  broken  line:  COMPOSITE 

calculations.  The  maximum  of  the  lateral  spread 
of  the  Ions  Implanted  does  not  coincide  with 
the  maximum  of  the  vertical  distribution.  This 
Indicates  the  depth  dependence  of  the  lateral 
straggling,  studied  In  earlier  publications 
[7,8,9].  Equations  for  this  depth  dependence 
have  been  proposed  [8],  but  they  presently 
cannot  be  used  for  the  simulation  of  ion 
Implantation  In  crystalline  silicon,  because 
they  need  not  only  vertical  moments  but  also 
lateral  and  mixed  range  moments,  in  total  8 
parameters.  The  lateral  kurtosis  and  the  two 
mixed  moments  requested  have  not  yet  been 
measured  or  calculated  for  crystalline  silicon. 
Therefore,  the  depth  dependence  Is  not  Included 
In  COMPOSITE.  For  amorphous  silicon,  this 
model  shows  good  agreement  with  Monte-Carlo 
simulation  [8]. 

In  contrast  to  figure  3,  the  silicon  is 
covered  by  45  nm  SI3N4  In  the  example  shown  in 
figure  4.  This  is  done  to  show  the  Influence  of 
a  thin  layer  on  the  lateral  spread  in  the 
silicon  substrate.  Since  the  lateral  straggling 
In  the  nitride  Is  smaller  than  In  silicon 
because  of  the  higher  density  of  nitride,  the 
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FIGURE  5 

30  min  diffusion  at  1000  *C  of  the  Monte-Carlo 
result  shown  In  figure  4. 

lateral  spread  of  the  Implantation  profile  In 
the  silicon  Is  reduced  In  comparison  to  figure 
3.  Therefore,  a  multilayer  model  for  the  depth 
dependency  of  the  lateral  spread  Is  necessary. 

The  broken  lines  In  figure  4  show  the 
corresponding  COMPOSITE-results.  Here,  a 
constant  lateral  straggling  was  used  wlt'iln  one 
material.  Therefore,  a  discontinuity  of  the 
lateral  spread  Is  predicted  by  COMPOSITE,  but 
TRIMSURF  shows  a  nearly  continuous  behavior  of 
the  lateral  spread  at  the  Interface.  For  the 
vertical  dopant  distribution,  the  agreement 
between  COMPOSITE  and  Monte-Carlo  Is  very  good, 
except  close  to  the  slllcon/nltrlde  Interface. 
The  discontinuity  of  the  vertical  distribution 
at  the  Interface  results  from  the  lower 
stopping  power  of  the  silicon:  Therefore,  less 
particles  come  to  rest  below  the  Interface. 
This  effect  Is  less  pronounced  with  the  Monte 
Carlo  data  because  of  particles  backscattered. 

This  example  shows  that  as  long  as  no  full 
set  of  eight  range  parameters  for  the  materials 
Involved,  Including  crystalline  silicon,  Is 
available,  no  accurate  simulation  of  the 
lateral  spread  Is  possible  with  analytical 
models.  If  the  differences  between  amorphous 
and  crystalline  range  parameters  can  be 


neglected.  It  Is  worthwhile  to  transfer  Monte- 
Carlo  data  to  COMPOSITE  to  perform  the  simula¬ 
tion  of  further  process  steps. 

In  figure  5,  the  COMPOSITE  result  of  a  30 
min  diffusion  at  1000*C  of  the  doping  profile 
from  figure  4  Is  shown.  The  statistic  fluctu¬ 
ations  present  In  figure  4  have  been  removed  by 
the  diffusion. 

5.  CONCLUSION 

Though  the  analytical  equations  for  ion 
Implantation  used  in  COMPOSITE  are  able  to 
describe  dopant  profiles  adequately  In  most 
cases,  the  simulation  of  important  effects  such 
as  trench  implantation  and  depth  dependence  of 
the  lateral  spread  presently  needs  time- 
consuming  Monte-Carlo  calculations.  The  Monte- 
Carlo  Interface  implemented  in  COMPOSITE  allows 
now  for  introducing  Monte-Carlo  data  into  a 
process  sequence. 
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EQUILIBRIUM  SOLUBILITY  OF  ARSENIC  AND  ANTIMONY  IN  SILICON 

R.ANGELUCCI,  A.ARMIGLIATO,  E.LANDI,  D.NOBILI,  S.SOLMI 

CNR  -  Istituto  LAMEL,  Via  Castagnoll  I,  40126  Bologna,  Italy 


Equilibrium  solid  solubility  of  arsenic  and  antimony  in  silicon  is  derived 
by  Hall  and  resistivity  measurements  after  suitable  annealing.  For  both  el¬ 
ements,  the  solubility  shovs  a  linear  trend  versus  reciprocal  temperature. 


1.  INTRODUCTION 

The  knowledge  of  solid  solubility  of 
dopants  in  silicon  is  essential  for  a  correct 
process  simulation  and  is  important  for  basic 
understanding  In  the  case  of  Group  V  dopants 
largely  scattered  values  are  reported  in 
literature  for  arsenic  and  antimony.  Moreo¬ 
ver,  the  knowledge  is  even  poorer  in  the 
range  700-t900*C,  which  is  of  high  interest  in 
the  future  VLSI-ULSI  processing. 

A  research  a< — vity  on  the  solubility  and 
precipitation  of  silicon  dopants  is  performed 
since  several  years  at  LAMEL  Institute. 
Particular  emphasis  was  given  to  the  study  of 
electrically  inactive  phosphorus  and  arsenic; 
an  assessment  of  this  problem  was  attempted 
by  Nobili  a  few  years  ago  /l/. 

This  paper  reports  the  results  of  accurate 
equilibrium  carrier  density  determinations  as 
a  function  of  temperature,  performed  on  poly- 
slllcon  films  heavily  doped  with  antimony  and 
arsenic  by  ion  implantation.  The  carrier 
density  was  determined  after  annealing  at  in¬ 
creasing  temperatures,  a  time  consuming 
procedure  which,  on  the  other  side,  is  most 
suitable  to  accomplish  with  the  equilibrium 
conditions. 

2.  EXPERIMENTAL 

Poly-silicon  films  were  deposited  in  a 
chemical  vapour  reactor  at  660" C,  onto  pre¬ 
viously  oxidized  single  crystal  wafers.  The 


film  thickness  (  0.45  ^um)  was  accurately 

determined  by  a  Taylor  Hobson  Talystep. 

For  Sb  doped  films  the  implantation  energy 

16  2 

and  dose  were  150  keV  and  2.1x10  at/cm 

respectively,  while  As  was  implanted  at  the 

16  2 

energy  of  100  keV,  and  dose  4.0x10  at/cm  . 
Each  composition  was  then  separately  heated  3 
hours  at  1100°C  to  recover  the  damage  and 
redistribute  the  dopant.  Specimens  were 
successively  annealed  for  1000  h  at  600°C, 
then  at  temperatures  incresing  in  steps  of 
25"C  up  to  900°C  and  subsequently  in  steps  of 
50°C  up  to  1300°C.  To  avoid  out  diffusion 
processes  the  first  high  temperature  heat 
treatment  was  performed  in  a  slightly  oxidi¬ 
zing  atmosphere  (90Z  nitrogen  +  10Z  oxygen). 

The  carrier  j«.nsity  and  mobility  were  det¬ 
ermined  by  Hall  effect  and  sheet  resistivity 
measurements,  using  the  Van  der  Pauw  geometry 
defined  with  a  photolitographic  process.  The 
same  techniques,  alternated  with  stripping  of 
silicon  by  anodic  oxidation  and  etching,  were 
used  for  carrier  profile  measurements.  The 
average  grain  size  of  the  polysilicon  films, 
after  the  high  temperature  annealing  (1100°C, 
3h)  was  checked  by  transmission  electron 
microscopy  observations.  The  obtained  values 
were  0.9  ^um  and  0.2  ^um  for  As  and  Sb,  res¬ 
pectively. 

3.  RESULTS  AND  DISCUSSION 

The  carrier  density  plot  vs  reciprocal  tempe- 
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rature  for  Sb  doped  specimens,  which  Is 
reported  In  Fig. 1 ,  shows  an  Initial  decrease 
which  can  be  attributed,  as  it  is  discussed 
below,  to  the  foraatlon  of  the  conjugate 
liquid  phase.  A  minimum  is  attained  at  800°C 
followed  by  dissolution  which  takes  place 
with  increaeing  temperature.  Equilibrium 
values  of  the  carrier  density  ng  are  obtained 
in  the  dissolution  stage,  above  850*C,  after 
a  transient  which  is  due  to  the  size  effect. 
The  equilibrium  values  of  n  in  the  tempera¬ 
ture  range  850-1 150°C  follow  very  tightly  the 
law: 

ne  -  3.8xl021  exp(-0.56  eV/kT)  cm-3 

Above  1150*C  the  experimental  n(  values  show 
a  deviation  from  this  trend.  This  was  expec¬ 
ted  as  in  the  Si-Sb  equilibrium  diagram  the 
conjugate  liquid  phase  undergoes  a  drastic 
reduction  of  the  content  of  antimony  111 . 

The  results  obtained  on  Aa  doped  specimens 
are  shown  in  Fig. 2,  which  reports  the  carrier 
concentration  as  a  function  of  reciprocal 
temperature.  In  this  case,  due  to  the  higher 
dlffuslvlty  of  arsenic  with  respect  to  anti¬ 
mony,  che  minimum  was  attained  at  a  lower 
temperature,  about  650*C,  and  equilibrium 
values  of  the  active  dopant  were  obtained  for 
T  >  700*C.  In  the  temperature  range  700-900*C 
the  corresponding  equilibrium  carrier  density 
n^  is  given  by: 

ne  -  2.2xl022  exp(-0.4"  eV/kT)  cm-3 

These  figures  coincide  with  the  ones  reported 
by  Hoyt  et  al.  / 3/,  obtained  by  a  fitting  of 
literature  data.  A  deviation  from  the  above 
trend  is  observed  in  Fig. 2  at  higher  tempera¬ 
tures,  a  result  which  is  unexpected  conside¬ 
ring  that  the  eutectic  temperature  is 
1097*C  /4/.  He  point  out  that  the  value  at 
1100*C  in  Fig. 2  coincides  with  the  one  after 
the  initial  3  hours  annealing  at  this  tem¬ 
perature.  The  above  equilibrium  values  of 


Tl*C] 

1300  1100  900 


FIGURE  1 


Carrier  concentration  vs  reciprocal  temperatu¬ 
res  for  Sb  doped  samples. 


Arsenic  are  In  very  good  agreement  with  the 
ones  obtained  by  carrier  profiles  measurements 
after  equilibration  annealing  of  single 
crystal  specimens  Implanted  with  different 
doses  of  the  dopant  /5/.  These  experiments 
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FIGURE  2 


Carrier  concentration  vs  reciprocal  temperatu¬ 
re  for  As  doped  samples. 


CARRIER  CONCENTRATION  [cm-3] 


showed  that  Che  carrier  density  after  thermal 
equilibration  depends  only  on  teaperature  and 
la  insensitive  to  excess  dopant.  We  concluded 
from  this  results,  which  are  supported  by  the 
occurrence  of  reversion  and  by  TEM  and  SAXS 
examinations,  that  Che  equilibrium  carrier 
density  corresponds  to  the  solubility.  The 
same  conclusion  was  reached  also  in  the 
case  of  antlaony  by  additional  experiments 
performed  on  the  same  line,  i.e.  accurate 
carrier  profile  measurements  after  equilibra¬ 
tion  at  1100*C  of  single  crystal  specimens 
implanted  at  160  keV  with  three  different 
doses  of  the  dopant.  The  results  are  shown  in 
Fig.  3  for  an  annealing  time  of  4  h. 
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FIGURE  3 

Carrier  concentration  profiles  of  Sb  doped 
specimens  Implanted  at  different  doses  and 

annealed  at  1100*C  for  4  h.  The  as-lmplanted 
distribution  for  the  lowest  dose  is  also 
reported. 

TEM  observations  performed  on  these 
samples  evidenced  the  presence  of  a  high 
density  of  Sb  particles,  having  a  slse  which 
decreases  with  increasing  the  Implanted  dose. 
According  to  the  classical  nucleat ' ,n  theory 
/7/,  the  density  of  the  precipitates  lncrea- 


FIGURE  4 


Dark-field  TEH  ty^crogijaph,  showing  Sb  precipi¬ 
tates  in  a  2x10  °  cm  Implanted  sample,  an¬ 
nealed  at  1100°C  for  4h. 

sed  b>  increasing  the  supersaturation.  In 

Fig. 4  is  reported  a  dark-field  image  of  these 

particles,  taken  in  a  sample  implanted  with 
16  2 

2x10  Sb/cm  .  They  have  the  structure  of  the 
hexagonal  antimony,  as  deduced  from  electron 
diffraction  patterns. 

High  temperature  data,  above  1100°C,  for  As 
are  not  reported  in  Fig. 2  because  we  verified 
that  they  were  affected  by  the  cooling  rate. 
This  phenomenon,  which  is  attributed  to  addi¬ 
tional  precipitation  taking  place  in  the 
cooling  stage,  is  more  effective  in  polycri- 
stalllne  specimens.  In  fact  dislocations  and 
grain  boundaries  enhance  the  diffusion  and 
nudeation  kinetics  of  the  dopant,  a  feature 
which,  on  the  other  side,  makes  polycristalll- 
ne  films  more  suitable  to  obtain  equilibrium 
values  in  the  low  temperature  range. 

We  point  out  that  this  phenomenon  was  not 
appreciably  observed  in  antimony  doped  speci¬ 
mens,  very  probably  due  to  the  lower  dlffu- 
sivity  of  this  dopant. 

The  accuracy  of  our  solid  solubility  data 
for  Sb,  which  correspond  to  the  equilibrium 
carrier  density  values  in  Flg.l,  made  possible 
to  analyse  in  mors  detail  the  phase  equilibria 
for  the  Sb-Si  system. 

Experimental  determinations  of  the  llquldus 
curve  in  the  phase  dlsgram  were  performed  by 
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figure  s 

Ratio  between  solid  solubility  and  liquid  ac¬ 
tivity  vs  reciprocal  temperature  for  antinmo- 
ny  in  silicon. 

Thurmond  et  al.  /6 /.  From  these  data  it  can 
be  deduced  that  a  regular  solution  model  is 
suitable  for  the  liquid  phase,  thus  allowing 
the  calculation  of  the  Interaction  parameter 
and  hence  of  the  activity  of  antimony  a^  in 
the  liquid  /7/.  The  In  x*b/agb  values  are 
reported  vs  reciprocal  temperature  in  Fig. 4; 
the  precise  exponential  dependence  which  is 
verified  in  the  whole  temperature  range  is  a 
clear  confirmation  of  the  solubility  data  in 
Fig.l.  In  addition  this  analysis  provided 
thermodynamic  data  for  antimony  in  solid  so¬ 


lution  into  silicon:  from  the  exponential 
dependence  in  Fig. 5  a  value  of  13.4  Keel/  mol 
was  determined  for  the  relative  partial  molar 
entalphy  Hgb-Hgb »  *nd  respectively  -4.7  e.u. 
for  the  relative  partial  molar  excess 
entropy  (Ssb-sfb>X8. 
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Diffusion  and  solubility  of  gold  implanted  in  <100>  p-type  silicon  have 
been  investigated  by  Rutherford  Backscattering  Spectrometry  and  spreading 
resistance  techniques.  The  gold  concentration  profiles  are  U-shaped  and  the 
concentration  at  the  middle  of  the  wafer  thickness  (C§j)  is  proportional  to 
the  square  root  of  the  diffusion  time  in  agreement  with  the  kick-out 
mechanism.  The  diffusion  coefficient  Dj (see  text)  is  well  described  by 
D*”7.0*10-^  exp(-1.61/kT)  cm^/sec  in  the  temperature  range  1173-1373  K.  The 
entropy  factor  associated  to  the  ionization  of  the  gold  donor  level  has 
been  determined  to  be  28+2. 


1.  INTRODUCTION 

The  diffusion  of  gold  in  silicon 
has  been  widely  investigated  [1,2] 
because  of  its  technological 
applications  such  as  controll  of  the 
minority  carrier  lifetime.  The 
electrical  parameters  of  Au  doped 
silicon  are  of  great  interest  in 
silicon  power  devices  [3].  Gold  is 
normally  diffused  in  silicon  starting 
from  a  thin  ("300  A)  layer  deposited 
on  the  surface  and  the  concentration 
profile  is  determined  by  the  thermal 
process.  The  introduction  of  gold  by 
ion  implantation  will  result  in  a 
better  control  of  the  gold  amount  in 
the  waf er ,espec i a  1 ly  close  to  the 
surfaces  i.e.  in  the  electrically 
active  region  of  most  devices. 


2. EXPERIMENTAL 

P-type  <100>oriented  silicon,  20  Ohm- 
cm  resistivity  is  used.  The  wafer 
thickness  is  620  jum  and  double 
polished  wafer  are  used  to  avoid 
gettering  of  gold  by  the  rough 
surface.  Gold  implantation  is 
performed  by  means  of  120  KeV  Au  ions 
and  the  doses  are  in  the  range  lO1^- 
5*1q15  atons/cs^.  The  thermal 
processes  are  carried  out  under 
nitrogen  flux  in  the  temperature 
range  of  1173-1373  K. 

Rutherford  backscattering  spectrometry 
(RBS)  of  2.0  MeV  He  beam  is  used  to 
measure  the  amount  of  gold  in  the  near 
surface  region  (1000  A)  of  the 
implanted  wafer, the  difference  between 
the  measurements  before  and  after  the 
t’..«rmal  process  resulting  in  the  total 
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amount  of  gold  diffused  Into  the 
wafer.  The  RBS  technique  cannot  give 
informations  about  profiles  at  large 
depths  that  can  be  instead  obtained 
by  spreading-resistance  [4]  technique 
based  on  the  compensating  effect  of 
the  two  gold  levels  on  the  silicon 
conductivity! 5] . 

For  spreading  resistance  measurements 
the  samples  are  mounted  on  a  bevel 
block  with  a  bevel  angle  of  5° 44* 
which  gives  a  depth  resolution  of  5 
jum.  Two  tips  are  then  leaned  on  the 
surface  with  a  controlled  pressure  and 
the  application  of  a  small  voltage 
makes  possible  to  measure  the 
spreading  resistance  value. 


3 .RESULTS  AND  DISCUSSION 

Spreading  resistance  measurements  (Rg) 
are  shown  in  Fig.l  for  1243  K  diffused 
samples.  The  resistivity  ( p)  values 
are  obtained  by  appropriate 
calibration  performed  by  using 
homogeneously  doped  samples  and  the 
experimental  data  are  fitted  by 
Rs«870  pO.98.  To  convert  resistivity 
into  gold  concentration  it  is 
necessary  to  solve  the  charge 
neutrality  equation  in  the  form 

p  +  naJ“  »  +  »aG  +  nb  <l> 

where  p  and  n  are  the  boles  and 
electrons  concentration  ,  NA*  and  NA" 
are  the  concentrations  of  the 
positively  and  negatively  charged  gold 
atoms  and  Ng  is  the  concentration  of 
boron  in  the  substrate.  The  values  of 
NAy  and  NAJJ  depend  on  the  entropy 
factors  of  both  donor  and  acceptor  (XD 
,XA)  gold  related  levels  [6].  For  the 
adopted  wafer  doping  and  gold 
concentration  the  gold  acceptor  level 
has  a  negligible  influence  on  the 


final  results  and  can  be  neglected. 


Fig. 1-Resistivity  profiles  at  1243  K 
for  different  diffusion  times. 


The  solution  of  (1)  and  the  mobility 
values  given  in  ref.  7  lead  to  the 
relation  between  the  resistivity  and 
the  gold  concentration  .which  is  shown 
in  Fig. 2  for  different  XD  values.  As 
it  appears  the  XD  value  strongly 
affects  the  conversion  resistivity  - 
gold  concentration.  Because  of  the 


Fig. 2-Silicon  resistivity  versus  gold 
concentration  for  different  XD 
values. 
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large  spread  of  the  XD  value  existing 
in  literature  [8,9,10,11]  such 
conversion  is  affected  by  large 
uncertaties.  Using  the  calculations 
reported  in  Fig. 2  the  resistivity 
profiles  have  been  converted  into 
concentration  profiles  and  the  total 
amount  of  gold  into  the  wafer  (area 
under  profile)  has  been  determined  as 
a  function  of  Xp  as  shown  in  fig  3. 
The  value  of  the  area  for  each  thermal 
process  is  determined  by  RBS 
measurement.  It  is  thus  possible  to 
determine  the  Xp  value  which  is  found 
to  be  28+2  .  Gold  diffuses  in  silicon 
by  migration  of  the  fast  interstitial 
atoms  that  can  jump  to  substitutional 
positions.  Two  different  mechanisms 
have  been  proposed  for  the  interchange 
between  interstitial  and 
substitutional  position.  In  the  Frank- 
Turnbull  mechanism  [12]  the  reaction 
is  given  by 

Auj  +  V  Aus 

where  V  is  a  vacancy.  In  the  kick-out 
mechanism  [13]  , 

Aur?±-  Aus  +  I 


Fig.3-Total  Au  concentration  (at. /cm2) 
at  12A3  K  as  a  function  of  Xp. 


where  i  is  a  silicon  interstitial.  The 
two  mechanisms  lead  to  a  different 
trend  of  the  gold  concentration  at  the 
center  of  the  wafer  thickness  (C®) 
versus  diffusion  time  (t).  The  kick- 
out  one  predicts  that  C®  increases 
according  to 

C“-C^x2/d(TrD*  t)1/2 

where  d  is  the  sample  thickness  ,Cg4 
the  solubility  limit  and  Dj  is  an 
effective  diffusion  coefficient  given 
by 

DI“DI  cftyc;«* 

Cf^  and  Dj  being  the  equilibrium 
concentration  and  the  diffusion 
coefficient  of  silicon  interstitial 
respectively.  In  Fig. A  we  report  C® 
as  a  function  of  t^2  :  the 

agreement  with  the  kick-out  mechanism 
is  rather  good  and  we  can  estimate  the 
effective  diffusion  coefficient  for 
the  investigated  temperatures.  An 
Arrhenius  plot  of  Dj  is  reported  in 
Fig. 5  and  the  data  are  fitted  by  the 
relation 


Fig.A-Gold  concentration  at  the  center 
of  the  wafer  thickness  (C®)  as  a 
function  of  diffusion  time  for 
different  temperatures. 
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D*  -  7.0*10"3  exp(-1.61/KT)  cm2/sec 
shown  as  solid  line  In  fig. 5. 


Temperature  1*0 


Fig.5-Arrenius  plot  of  the  effective 
coefficient  D*(see  text). 

4.  CONCLUSIONS 

By  using  gold  implanted  samples  we 
have  investigated  the  diffusion 
process  of  gold  in  silicon.  Our  data 
are  in  reasonable  agreement  with  the 
kick-out  mechanism.  The  activation 
energy  for  the  diffusion  and  the 
entropy  factor  of  the  gold  related 
donor  level  have  been  determined  and 
they  result  1.61  eV  and  28 
respectively. 
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OPEN  STENCIL  MASKS  FOR  ION  PROJECTION  LITHOGRAPHY 
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A  processing  scheme  for  the  manufacturing  of  an  open  stencil  mask  has  been  set  up  by 
application  of  silicon  technology  and  only  one  single  X-ray  lithography  step  for 
pattern  generation.  The  mask  fabrication  Is  fully  adapted  to  the  demands  of  an  Ion 
projection  lithography  equipment  by  IMS.  It  has  been  proved  that  this  mask  technolo¬ 
gy  permits  solid  structures  of  a  complex  geometry  with  high  pattern  fidelity. 


1.  INTRODUCTION 

Ion  projection  lithography  promises  to  be  a 
successful  method  yielding  structures  In  the 
0.1  pm  range  HI.  To  achieve  the  optimum  gain 
from  this  system  open  stencil  masks  should  be 
used  which  are  designed  to  fulfill  the  special 
requirements,  i.e.  adapted  to  the  ion  beam  di¬ 
vergence,  the  tension  by  thermal  stress  and 
the  sputter  yield  by  particle  bombardment.  A 
silicon  membrane  with  a  nitride  top  layer 
{Fig.  1)  revealed  to  be  most  suitable  for  this 
purpose. 

Considering  the  demands  of  an  IMS  Ion  pro¬ 
jection  lithography  machine  the  fabrication  of 
an  open  stencil  mask  will  be  given.  Pattern 
generation  was  performed  by  X-ray  exposition, 
whereas  the  general  processing  Is  well  esta¬ 
blished  in  CMOS  technology. 


20mm 


FIGURE  1 

Schematic  cross-section  through  an  open  sten¬ 
cil  mask  for  Ion  projection  lithography  genera¬ 
ted  from  a  ♦"  silicon  wafer  (0.5  mm  thick). 


2.  PROCESSING  SEQUENCE 

2.1  Preparation  of  the  Membrane 
The  production  of  the  thin  membrane  (Fig 
2)  followed  the  same  process  schedule  as  ap 
plied  for  the  absorber  masks  In  X-ray  lithogra 
phy  HI.  A  T  doted  4"  silicon  wafer  served  a 
the  substrate  on  which  a  silicon  layer  of  2  t 
3  pm,  containing  boron  and  germanium,  was  depo 
sited  epitaxially  +.  Subsequently,  a  slllco 
nitride  layer  of  0.12  pm  was  precipitated  by 
LPCVD  process  which  Is  essential  for  patter 
definition  later  on.  Because  the  tensil 
strength  between  nitride  and  silicon  layer  1 
very  pronounced  additional  “impurity*  aton 
were  implanted  ,  which  lowered  the  stress  cor 
siderably  by  rearranging  the  lattice  of  tl 
nitride.  When  omitting  this  step,  the  membrai 
cracked  In  the  concluding  etching  of  silic 
yielding  debris  of  coiled  up  fragments. 

The  thin  membrane  was  prepared  by  a  tw 
step  process.  Starting  with  an  Isotropical 
eroding  mixture  of  different  acids  (HF,  HNC 
CHjCOOH)  a  smooth  transfer  from  he  origir 
backolde  of  the  wafer  to  the  brim  of  the  f< 
was  formed  followed  by  applying  an  ethylenei 
amlnepyrocatechol  (type  S)  etching  agent  re 
vlng  silicon  till  the  highly  boron  doped  la, 
was  excavated.  With  different  covering  ma 
windows  corresponding  to  the  geometry  of 
Intended  Ion  transmission  area  could  be  set. 
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FIGURE  2 

Process  scheme  for  open  stencil  masks 


2.2  Pattern  Generation  by  X-Ray 
Lithography 

The  pattern  was  generated  by  exposing  an 
HPR  resist  with  synchrotron  radiation  through 
an  absorber  mask.  For  details  concerning  manu¬ 
facturing  of  the  mask  and  the  conditions  of 
exposure  see  /3/.  Due  to  the  transparency  of 
the  membrane  the  pattern  could  be -transferred 
with  coincidence  Into  resist  layers  spunned  on 
both  sides  of  the  foil  by  only  one  exposure 
step.  The  pattern  fidelity  of  the  backside 
test  structures  were  routinely  checked  In  a 
light-optical  microscope.  Fig.  3  shows  a  corre¬ 
sponding  SEN  micrograph. 


FIGURE  3 

Pattern  fidelity  of  HPR  on  the  backside  of  the 
membrane  after  exposition  to  synchrotron  radia¬ 
tion  and  development  (SEM). 


2.3  Pattern  Transfer  -  Opening  of  the  Mask 

Pattern  transfer  Into  the  nitride  layer  of 
the  topside  of  the  membrane,  I.e.  the  face  the 
Ion  beam  Impinges  on,  was  performed  by  an  RIE 
process  In  a  batch  reactor  (AME  8111).  Employ¬ 
ing  a  CHFj/Og  discharge  the  nitride  was  patter¬ 
ned  yielding  bias-free  side  walls  without  poly¬ 
mer  depositions.  Thus,  the  exact  pattern  defi¬ 
nition  could  be  obtained  (Fig.  4). 

For  the  purpose  of  mask  opening  a  second 
RIE  process  using  the  fluorine  containing  com¬ 
ponents  SFg  and  CHF3  was  determined.  Etching 
with  chlorine  (BC13/C12  or  CC1 4) ,  although  ge¬ 
nerally  In  practice,  would  have  required  a 
load  lock  on  the  apparatus  and,  therefore,  a 
sophisticated  system  to  handle  the  fragile 
foils. 

This  process  has  been  optimized  to  form  the 
tilted  sidewall  corresponding  to  the  divergen¬ 
ce  of  the  Ion  beam.  The  Intended  angle  of  84* 
could  only  be  obtained  by  sufficient  sidewall 
passivation  by  species  from  the  resist  and  the 
plasma.  CHFj  undergoes  Ion-molecule  reactions 
In  the  plasma  by  which  species  of  a  high  mass 
number  (precursor  to  polymer  formation)  were 
originated.  Therefore,  the  CHFj  flow  was 
varied  in  order  to  deposlte  a  protecting 
layer,  whereas  the  SFg,  the  main  source  for 
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FIGURE  4 

Pattern  transfer  Into  the  nitride  layer  by  an 
RIE  process  (CHF_/0_).  HPR  was  stripped  In  ace¬ 
tone.  3  £ 


the  highly  reactive  F  atoms,  was  responsible 
for  the  amount  of  the  etching  rate.  The  best 
approach  was  obtained  balancing  these  two  ef¬ 
fects  with  a  ratio  CHF^SFg  of  1  (Fig.  5). 

Further  consideration  had  to  be  put  on  the 
thermal  stress  of  the  membrane  and,  especial¬ 
ly,  the  resist  by  the  etching  process.  Because 
the  thermal  conductivity  of  the  delicate  net¬ 
work  is  low,  the  transition  from  the  wafer  to 
the  support  was  improved  by  a  metal  plate,  to 
guarantee  a  better  drain  for  the  heat. 

Due  to  the  high  selectivity  of  the  silicon 
etch  process  with  regard  to  the  nitride  an 
overetch  could  be  applied  to  open  the  intended 
fields  all  over  the  active  mask  area  without 
affecting  the  shape  of  the  nitride  sidewalls. 
Fig.  6  depicted  a  tapered  structure  obtained 
by  etching  silicon  with  the  submitted  process. 

Finally,  the  resist  was  rinsed  In  acetone 
and  a  gold  coating  was  deposited  on  the  mask 
to  prevent  charging.  Fig.  7  shows  a  4"  wafer 
with  a  35  mm  diameter  membrane,  which  has  an 
open  area  of  35*. 


FIGURE  5 

Sidewall  protection  of  silicon  by  polymer 
from  the  resist  and  the  CHFj/SFg  plasma 


FIGURE  6 

Tapered  sidewalls  of  silicon  test  structui 
proposed  to  serve  as  a  mask  for  ion  project 
lithography.  The  resist  has  already  been  d 
solved  in  acetone. 
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FIGURE  7 

Total  view  on  a  4"  mask  with  an  active  area  of 
35  mm  in  diameter.  The  high  transparency  demon¬ 
strates  the  extreme  thinness  of  the  membrane. 

3.  CONCLUSIONS 

Open  stencil  masks  carrying  test  structures 
in  the  pm-range  and  below  could  be  obtained  by 
applying  X-ray  lithography  for  a  self-aligned 
pattern  generation  on  a  membrane  coated  with 
resist  on  both  sides  and  a  pattern  transfer 
splitted  into  two  RIE  processes.  The  exact  pat¬ 


tern  definition  has  been  performed  In  a  ni¬ 
tride  layer,  whereas  a  special  profile  In  the 
supporting  silicon  was  arranged  by  an  etching 
process  with  compounds  containing  fluorine. 
For  compensating  the  stress  between  these  two 
layers  an  additional  doping  process  of  the  si¬ 
licon  has  been  developed. 
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NOTES 

/+/  Boron  in  a  concentration  of  1020cm~3  can 
terminate  the  chemical  etching  of  silicon  with 
an  EDPS  solution  and  thus  forming  the  membra¬ 
ne.  Germanium  has  been  admixed  for  the  purpose 
of  Internal  stress  compensation. 
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In  this  paper  we  present  a  new  zero-bird’s  beak  process  which,  with  an  additional 
photolithographic  step,  substitutes  the  thermal  fully-recessed  field  oxide  for  a  CVD  oxide. 
With  this  process  we  have  fabricated  devices  which  present  a  very  small  narrow 
channel  effect.  Moreover,  the  use  of  a  reference  mask  increases  the  process 
reproductivity  and  reduces  the  probability  of  the  double-threshold  voltage  effect.  The 
cross-section  and  electrical  results  are  presented. 


1  .INTRODUCTION 

To  overcome  the  difficulties  of  LOCOS  process  in 
VLSI,  several  new  isolation  technologies  [1-4], 
which  employ  a  deposited  oxide  as  a  fully  recessed 
field  oxide,  have  been  proposed.  From  these 
technologies,  the  BOX  process  [2],  which  uses  an 
additionnal  mask  step  and  a  double  resist 
patterning  technique  prior  to  a  planarization 
etch-back,  is  the  most  interesting.  Nevertheless,  its 
major  drawback  is  that  the  thickness  of  the  resist 
may  be  different  for  various  layout  designs.  As  a 
result  of  that,  the  field  oxide  thickness  may  vary  in 
different  areas  [SJ. 

In  this  paper,  we  present  a  new  BOX 
process.which  allows  us  to  obtain  a  uniform  field 
oxide  independently  of  the  layout  design  by  using 
an  additional  photolithographic  step  and  two 
polysilicon  layers. 

2.PROCESS 

The  starting  material  is  <100>  orientated,  14Q.cm 
p-wafers.  First,  a  pad-oxide  is  grown  and  a  nitride 
layer  is  deposited.  After  a  photolithographic  step  to 
delineate  the  active  regions  both  layers  are  etched. 
The  reasons  to  use  the  nitride  layer  will  be 
discussed  later.  Then  grooves  are  etched  in  the 
silicon  substrate  with  a  KOH  solution  up  to  a  depth 
of  0.3  pm,  using  the  nitride  film  as  mask.  A  thermal 


oxidation  is  carried  out  to  improve  the  quality  o 
the  Si02/Si  interface.  After  the  channel-stof 
implantation,  a  Si02  layer,  with  an  equal  thicknes 
(or  little  more)  to  that  of  the  Si  groove  depth,  i: 
deposited  by  CVD(l)  (Figure  l.a).  A  polysilicon  laye 
is  deposited  and  etched  by  plasma  with  the  help  o 
an  additional  resist  mask  which  protects  thi 
poly  silicon  in  the  field  areas  (Figure  l.b).  Thi 
grooves  between  the  polysilicon  1  and  the  oxidi 
walls  are  refilled  with  a  second  polysilicon  laye 
(Figure  l.c).  Figure  l.d  shows  the  stucture  afte 
polysilicon  2  etch-back  and  Si02  etching.  Durini 
the  last  step,  the  nitride,  the  polysilicon  and  tb 
pad-oxide  layers  are  removed  to  obtain  th 
desirable  structure. 

Figure  2  illustrates  the  utility  of  the  nitrid 
mask.  This  layer  is  used  as  a  reference  mask.  Afti 
it  has  been  removed  we  are  sure  that  all  the  acti\ 
areas  in  the  wafer  are  recovered  with  the  san 
oxide  thickness,  independently  of  tl 
misuniformity  during  polvsilicon  and  oxi< 
etching  steps.  The  better  the  uniformity  is,  ti 
thinner  the  silicon  nitride  layer  can  be.  T 
choice  of  the  reference  mask  material  is  limited 
three  drawbacks:  it  may  not  be  oxide,  it  must  res 
KOH  solution,  it  must  be  stable  at  high  temperatu 
Therefore  we  have  chosen  silicon  nitride. 

Mrreover  the  reference  mask  must  assure 
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FIGURE  2 

The  reference  mask  serves  to  correct  the 
misuniformity  produced  during  polysilicon  mask 
(AP.M.)  and  oxide  (AOx.)  etching  steps. 

can  be  seen  that  there's  no  bird's  beak  formation 
and  that  the  field  oxide  thickness  is  uniform 
(except  at  the  edge). 

To  present  the  electrical  results  of  BOX  technology, 
we  will  compare  them  with  the  results  of  SILO 
technology,  wich  furnish  better  characteristics 
than  LOCOS[6],  Both  technologies  were  carried  out 
with  the  same  test  circuit  and  with  natural 
transistors  wich  present  a  more  important 
narrow-channel  effect  than  enhanced  ones  due  to 
the  lower  doping  level  of  the  channel. 


e) 


FIGURE  1 

Fabrication  process  steps. 


small  positive  transition  step  between  the  active 
and  the  field  areas  which  will  reduce  the  double 
threshold  effect[5]. 

3  .RESULTS 

The  SEM  cross-sections,  Figures  3  and  4,  show 
the  structures  obtained  following  our  process.  It 


FIGURE  3 

Field  oxide  area  The  top  of  the  structures  is  coveted 
with  0.3  pm  polysilicon  to  evidence  the  oxide 
profile. 
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the  isolation  oxide  and  the  poly-Si  resistor  was 
fabricated  simultaneously.  After  the  base 
formation,  the  emitter  region  was  produced  by 
the  diffusion  from  the  implanted  N+  poly-Si. 
the  oxide  on  the  base  contact  and  P+  poly-Si  was 
etched  away  by  using  the  photo-resist  mask  of 
emitter  poly-Si  etching  as  shown  in  Fig.2{C). 
The  thick  oxide  was  selectively  grown  over  the 
heavily  arsenic  doped  emitter  poly-Si.  Therfore, 
the  oxide  covering  the  emitter  poly-Si  remained 
after  removing  the  thin  oxide  on  the  base 
contact  and  P+  poly-Si,  and  separated  the  base 
contact  from  the  N+  poly-Si.  The  Pt-silicide  was 
formed  both  on  the  epi -surface  and  P+  poly-Si  of 
base  contact,  as  shown  in  Fig.2(D).  The  base 
electrode  was  fabricated  with  both  the  silicide 
of  self-align  opened  base  contact  and  the 
polycide,  and  then  this  can  be  called  a  salicide 
base  contact.  Opening  the  contact  windows  and 
Al -metallization  completed  the  processing  of 
SCOT  transistor,  as  shown  in  Fig.2(E). 

As  a  result  of  the  gate  speed  analysis  of  the 
transistor  characteristics  (4),  the  important 
parameters  for  high  speed  performance  are  not 
only  the  cuttoff  frequency  fT,  the  collector- 
base  capacitance  Gj^-,  but  also  the  base  series 
resistance  rg  .  It  was  learned  by  the  following 


FIGURE  2 

Fabrication  prooedure  of  SOOT  transistor. 


comparison  with  the  coventional  ISAC  (8) 
transistor  shown  in  Fig.1  (B)  that  the  SOOT 
transistor  has  realized  the  optimum  transistor 
design  with  reduction  of  these  characteristics. 
The  rg  reduction  in  SCOT  transistor  was 
done  by  decreasing  the  distance  D  between  the 
hasp  contact  and  emitter  and  by  the  dcuble  base 
structure.  The  distance  D  ,  in  the  case  of  SCOT 
transistor,  is  determined  by  the  salicide  base 
contact  structure  and  is  close  to  1  pm,  a  half 
value  of  that  in  ISAC  one.  The  base  area  in  SOOT 
transistor  is  decreased  to  about  one-half  of 
that  in  ISAC  one.  In  order  to  decrease  the  base 
area,  the  emitter  length  can  be  decreased  as  the 
goal  to  maintain  a  small  rB.  The  reduction  of 
parasitic  base  region,  furthermore,  was  achieved 
by  the  full  walled  base  structure  with  the  semi- 
recessed  cxide  and  by  the  salicide  base  contact 
structure.  The  vertical  down-scaling,  in  which 
the  emitter  depth  is  0.1  pm  and  the  base  width 
is  0.13  ^im,  produces  the  higher  fT.  Table  1 
shows  that  a  SCOT  transistor  has  been 
synthesized  in  the  transistor  design  for  high 
performance. 

3.  GATE  SPEED  AND  PRESCALER  IC 

The  performance  of  SCOT  transistor  used  for  a 
prescaler  IC  was  improved  as  compared  with  the 
current  product  with  ISAC  process,  that  is, the 
Cj ^  and  rB  decreased  to  half  value  and  fT  became 
twice  as  high,  as  shown  in  Table  1.  The  maximum 
fT  obtained,  moreover,  is  9.5  GHz  at  Ic  =  6  mA 
by  the  SOOT  transistor  in  which  the  emitter  is 


TABUS  1 

Comparison  of  features  of  newly  developed 
prescaler  arri  current  prescaler. 


New  development  Current  product 


Proceee  technology 
Emitter  elze 

Emitter  depth 

SCOT 
t  .S  *  3pm* 
0.1  pm 

ISAC 

1.5  x  5  pm* 
0.4pm 

capoeltanee 

Ctc 

9  fF 

20  fF 

Bose  reeietence 

IB 

49  A 

92  a 

Cutoft  frequency 

tT 

4.1  OHZ 

2  2  OHZ 

Delay  time  of  Ring- 

09C. 

140  pe 

267  pt 

Met.  operating  frequency 
Power  diseipatlon 

2  1  9Hz 

96  mW 

1.1  GHz 

125  mW 
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four-fingers  of  1.5  x  5  ^pm^. 

It  is  demonstrated  in  Fig.3  that  the  gate 
speed  tpj  of  the  ECL  ring-oscillator  employing 
SCOT  transistor  on  same  emitter  size  (1.5  x  5 
pm 2)  was  faster  than  that  of  ISAC  one, 
especially  at  the  high  current  range  by  effect 
of  reducing  rB.  The  mimimum  tpj  achieved  116  ps 
at  gate  current  Ig  =  1 .3  mA.  Simulating  tp^  in 
scaling  down  of  the  SCOT  transistor  to  1.0  pm 
emitter,  furthermore,  the  high  speed  can  been 
realized  at  less  than  80  ps. 

A  1/128,1/129  two-modulus  prescaler  IC  was 
fabricated  with  1.5  pm  SCOT  transistors  and 
poly-Si  resistors.  First  level  metallization  of 
AlSi  and  polyside  cross-under  interconnection 
were  employed.  This  prescaler  IC  operated  in  a 
wide  range  from  400  MHz  to  2.1  GHz  with  56  mW  at 
5-V  supply  voltage.  In  Fig. 4,  the  performance 
of  SOOT  prescaler  IC  was  compared  with  other 
products.  The  SOOT  prescaler  IC  had  four  times 
higher  performance  than  the  ISAC  prescaler.  This 
prescaler  IC  operated  with  the  half  power 
dissipation  of  the  reported  Si  prescaler  (1)  and 
with  the  same  one  of  the  GaAs  prescaler  (2}. 
Decreasing  the  power  dissipation,  we  obtained 
1.4  GHZ  with  30  mW  and  850  MHz  with  only  19  mW. 
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FIGURE  4 

Comparison  of  maximum  operating  frequency  and 
power  dissipation. 


4.  VSC  MASTERSLICE 

The  actual  pattern  layout  of  two-input  CR/NCR 
gate  is  shown  in  Fig.5.  In  the  case  of  the 
current  cell  approach,  a  relatively  large 
number  of  the  ncnutilized  elements  remain,  for 
example  the  macrocell  array  MCA  in  the  simple 
logic  functions.  The  VSC  concept  is  based  on  the 
design  of  an  array  which  is  constructed  from 
cellular  units.  This  VSC  construction  was  found 
to  reduce  the  ncnutilized  elements. 


FIGURE  5 


FIGURE  3 

Relations  between  gate  speed  and  gate  current. 
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Layout  pattern  of  two- input  CR/NCR  gate 


Fig.6  shows  a  schematic  diagram  of  SCOT 
transistor  and  polycide  interconnection  used  far 
VS C  mas  tarsi  ice.  lb  realize  a  VSC  structure,  the 
proper  use  of  poly -Si  patterns  was  required 
during  the  slice  process,  the  resistor  value  in 
each  logic  cell  was  determined  by  the 
silicidation  of  poly-Si  pattern.  In  addition, 
unused  poly-Si  patterns  can  be  utilized  for  the 
policide  interconnection. 

An  ECL  l8K-gate  masters lice  (7)  was  developed 
by  VSC  approach  and  fabricated  by  employing  1.5 
pm  SCOT  process  with  four-level  metallization. 
The  features  of  the  VSC  masterslice  are 
summarized  in  Table  2.  The  gate  density  was 
increased  by  more  than  20  %  in  the  VSC  structure 
compared  with  the  current  cell  structures.  The 
basic  gate  delay  of  1 50  ps  was  attained  at  the 
power  dissipation  of  2.4  mV. 

5.  CONCLUSION 

As  the  excellent  structure  with  reduction  of 
Cj£,  fT  and  rB  simultaneously,  the  SCOT  process 
by  employing  self -alignment  silicide  technology 
has  been  proposed.  A  two-modulu3  prescaler  IC 
has  achieved  2.1 -Ofa  operation  with  56-mW  power 
dissipation.  An  ECL  18K-gate  masterslice  has 
been  developed  by  a  VSC  approch  which  maximized 
the  utilization  of  elements. 


ItfttfrqgMMhATmil 


Schematic  diagram  of  SOOT  transistor  and  poly¬ 
cide  interconnection  used  for  VSC  masterslioe. 


TABLE  2 

features  of  VSC  masterslice. 


Technology 

1.S  pm  ruts  SCOT 

No.  of  transistors 

30.9S6 

No.  of  poly-Si  rssistors 

53,248 

No.  ot  units 

13,312 

Unit  sics 

24  pm  X  204  pm 

Mstsl  pitch 

1st  Spm 

2nd  S  pm 

3rd  3  pm 

No.  of  chsnnols 

1.S3S 

No.  of  I/O  pins 

256 

Intsrfacs 

ECL  10OK  compatlbls 

Intrinsic  eats  daisy 

150  ps 

Supply  voltago 

Vti  :  -4.5  V 

Vtt  :  -2.0  V 

Switching  currant 

0.4  mA 

Emittar-followar  currant 

0.3  mA/0.6  mA 

Chip  stzs 

11.00  mm  X  11.06  mm 
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Different  types  of  bipolar  transistor  eaitters  are  described.  Epitaxial  emitters  can  be 
achieved  by  solid  phase  epitaxial  regrovth  of  polyslllcon  (at  T  >  850 *C)  and  recently  by 
glow  discharge  deposition  at  T  -  250aC  and  recrystalllsatlon  (at  T  -  700°C).  Vide  band 
gap  eaitters  and  narrov  bandgap  bases  result  in  very  high  emitter  efficiency  which  has  to 
be  traded-off  vith  emitter  and  base  series  resistances. 


1.  INTRODUCTION 

VLSI  bipolar  transistors  typically  have 
polyslllcon  emitters  to  achieve  high  emitter 
efficiency  and  large  packing  density.  In 
recent  years  (1,2)  it  has  become  clear  that 
for  optimum  performance  of  polyslllcon 
emitters  in  VLSI  applications  a  trade-off  must 
be  made  between  emitter  efficiency  and  emitter 
series  resistance.  Work  at  several 
laboratories  has  Indeed  clearly  shown  that  the 
emitter  Gummel  number  (QIg)  is  not  the 
appropriate  figure  of  merit  of  a  modern 
emitter-base  junction  used  in  high  speed  VLSI 
applications.  The  true  figure  of  merit 
depends  on  GNg  and  also  on  the  emitter  series 
resistance. 

In  this  paper  different  emitter-base 
structures  aiming  at  high  emitter  efficiency 
and  low  emitter  series  resistance  vlll  be 
discussed.  In  a  first  part  of  the  paper  our 
work  on  epitaxial  emitters  vlll  be  described. 
Although  epitaxial  eaitters  are  not 
heterojunctions  in  the  strict  sense  of  the 
vord,  they  are  included  here  because  epitaxy 
is  a  technology  closely  related  to 
heterojunction  processing  and  since  in  the 
short  term  these  emitter  may  turn  out  to  be 
the  best  alternative  for  poly-emitters. 

The  second  part  of  the  paper  vlll  deal  vith 
true  heterotype  eaitters  starting  vith  an 
overview  of  the  different  vide-gap  emitters 
that  have  been  proposed  in  the  literature. 


Finally,  the  paper  vlll  end  vith  a  discussion 
about  the  possibilities  of  narrov  base 
transistors. 

2.  SILICON  BIPOLAR  TRANSISTORS  VITH  EPITAXIAL 
EMITTERS 

As  pointed  out  in  the  Introduction 
polyslllcon  emitters  are  suffering  from  a 
trade-off  that  has  to  be  made  betveen  emitter 
efficiency  and  emitter  series  resistance. 
Recent  work  (1]  has  indicated  that  high 
emitter  efficiency  only  can  be  realized  at  the 

expense  of  a  large  series  resistance.  Such  a 

2 

specific  series  resistance  Rg  (ohm. cm  )  is 
detrimental  for  high  speed  performance  if  (3]: 

kT 

Re  >  -  (1) 

J 

In  ,;)  J  is  the  emitter  current  density  which 

1;  ivanced  bipolar  transistors  can  be  as 
5  2 

large  as  10  A/cm  .  Formula  (1)  predicts  that 

-7  2 

Rg  should  be  lover  than  2.6  x  10  A/cm  to 
eliminate  degradation  of  the  transconductance. 
This  is  a  very  lov  value  vhich  is  difficult  to 
achieve  vith  polysilicon  eaitters.  The 
emitter  series  resistance  of  a  polysilicon 
emitter  is  caused  by  two  components  :  an 
Interface  resistance  caused  by  the  presence  of 
a  thin  interfacial  oxide  layer  betveen  the 
poly  and  mono-silicon  and  a  true  contact 
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resistance  at  the  metal-poly  interface.  Both 
coaponents  are  considerably  higher  than  in  the 
case  of  aono-crystalline  silicon  emitters. 
The  first  one  does  not  exist  in  a 
aonocrystalline  emitter  and  the  second  one 
strongly  depends  on  the  surface  free  carrier 
concentration.  This  latter  is  considerably 
smaller  in  the  case  of  a  poly-emitter  due  to 
carrier  trapping  and  inpurity  atom  segregation 
at  the  grain  boundaries. 

Besides  series  resistance  problems,  the 
thickness  of  the  interfacial  oxide  layer  is 
not  easily  controlable  which  causes  serious 
yield  and  reproducibility  problems  in 
poly-emitter  structures.  The  elimination  of 
this  thin  layer  is  therefore  tvo  fold 
advantageous  at  the  expense  of  reduced  current 
gain. 

The  reduction  of  emitter  series  resistance, 
coupled  with  an  expected  increase  in 
reproducibility  is  the  prime  reason  for  the 
interest  in  epitaxial  emitter  structures.  In 
addition,  due  to  the  fact  that  epitaxial 
emitters  are  deposited  doped  with  the 
appropriate  iapurity  and  not  doped  by 
compensation,  a  better  emitter  efficiency  is 
expected. 

2.1.  Epitaxial  Regrowth  of  Polysilicon 

It  has  been  demonstrated  that  it  is 
possible  to  align  polysilicon  epitaxially  to 
the  underlying  single  crystalline  substrate  by 
high  temperature  furnace  annealing  or  rapid 
thermal  annealing  [4-7].  In  order  to  start 
the  alignment  process,  a  direct  contact 
between  the  polysilicon  layer  and  the  single 
crystalline  substrate  must,  however,  take 
place.  In  other  words  the  native  Interfacial 
oxide,  though  very  thin,  should  be  removed. 
Plgure  1  displays  a  cross  sectional  TEH 
photograph  of  a  partially  aligned  polysilicon 
film  after  a  30'  anneal  in  Argon  at  1000*C, 
and  shovs  clearly  how  discontinuous  the 
Interfacial  native  oxide  layer  becomes.  This 
readily  occurs  at  annealing  teaperatures  above 
9S0*C,  and  can  be  stimulated  by  annealing  in 


an  oxidizing  ambient  if  the  anneal  is  to  be 
performed  at  lower  temperatures  (~  850°C)  [4]. 
Proper  adjustment  of  the  annealing  time, 
temperature  and  ambient  can  lead  to  an 
epitaxial  regrowth  of  the  entire  polysilicon 
film.  Undoped,  n-type  and  p-type  polysilicon 
films  have  shovn  similar  behavior  [4-6]  which 
makes  low  resistivity  epitaxial  burried  p+ 
base  contacts  for  self  aligned  "poly  — >  epi" 
bipolar  transistors  possible. 

It  is  not  possible,  hovever,  to  obtain 
emitter  box-shaped  profiles  using  this  method 
because  of  impurity  redistribution  in  the 
aligned  region  as  well  as  impurity 
out-diffusion  into  the  substrate  during 
annealing. 


FIGURE  1 

Cross  sectional  TEM  photograph  showing  epi¬ 
taxial  alignment  of  polysilicon  to  the  under¬ 
lying  substrate  after  anneal  in  Argon  for  30' 
at  1000°C  (1cm  -  80  nm). 

2.2.  Low  Temperature  Epitaxial  Growth  by 
Glow  Discharge  Deposition 
Another  very  attractive  approach  to  form  a 
low  temperature  epitaxial  emitter  has  recently 
been  proposed  by  the  authors  [8].  Under 
proper  pre-deposition  cleaning  conditions, 
heavily  doped  amorphous  silicon  films 
deposited  from  a  silane  plasma  at  250SC  on  a 
single  crystalline  silicon  substrate  vill 
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epitaxially  recrystallize  throughout  the  file 
after  an  annealing  at  a  temperature  of 
600-700#C  during  typically  30' .  Figure  2 
shovs  a  cross-sectional  TEH  picture  of  the 
as-deposited  aeorphous  silicon  film  without 
subsequent  heat  treatments.  This  picture 
clearly  shovs  that  over  large  fractions  of  the 
interface  the  silicon  is  initially  deposited 
under  single  crystalline  form  epitaxially 
aligned  vith  the  substrate.  The  thickness  of 
this  layer  depends  from  point  to  point  and  is 
typically  10  nm.  The  remaining  part  of  the 
layer  is  deposited  in  the  amorphous  state. 
The  existence  of  this  thin  epitaxially  aligned 
layer  is  probably  due  to  a  combined  effect  of 
the  presence  of  F~  ions  at  the  surface 
resulting  from  the  pre-deposition  cleaning 
step,  and  the  reducing  effect  of  the  silane 
plasma  on  the  "native"  oxide  during  grovth. 
Figure  3  shovs  the  same  example  after 
annealing  at  600-700“C.  Clearly  the  entire 
n-type  layer  has  recrystallized  up  to  the 


FIGURE  2 

HRTEM  photograph  shoving  the  as-deposited  n+ 
a-Si:H/c-Si  interface.  The  deposited  Si  is 
epitaxially  aligned  to  the  substrate  over 
large  fractions  of  the  interface. 


surface;  the  presence  of  tvln  defects  can  be 

observed.  The  advantages  of  this  process  are 

the  large  throughput,  the  good  homogeneity 

over  large  areas,  the  effectiveness  of  dopant 

Introduction  and  the  low  processing 

temperature.  Transistor  operation  vith  very 

reasonable  efficiency  (emitter  Gummel  number  » 
14  -4 

10  cm  s)  has  been  obtained  (Fig.  4). 


FIGURE  3 

HRTEM  photograph  showing  the  n+  a-Si:H/c-Si 
interface  after  30’  anneal  at  700°C.  The 
entire  n+  a-Si:H  film  is  epitaxially  aligned 
to  the  substrate.  The  insert  represents  the 
microdiffraction  pattern  of  the  recrystallized 
region. 


3.  WIDE  BANDGAP  EMITTER  SILICON  BIPOLAR 

TRANSISTORS 

Vide  bandgap  silicon  bipolar  transistors 
are  heterotype  silicon  bipolar  devices  vhich 
may  allow  ultra  high  f^  (>  40  GHz)  and  room 
temperature  gate  delays  of  5  ps  [9].  These 
expectations  are  based  upon  the  folloving 
advantages  i  the  combination  of  a  sufficiently 
large  current  gain  vith  a  lov  intrinsic  base 
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resistance,  the  elimination  of  eaitter  stored 
charge  and  a  better  control  on  the  uniforaity 
of  ultra-shallow  box-type  eaitter  base 
profiles.  As  discussed  earlier  these 

advantages  should  not  be  realized  at  the 
expense  of  a  large  eaitter  resistance,  causing 
a  decrease  in  transconductance  and  coapletely 
annihilating  the  expected  gain  in  transistor 
performance. 

At  the  moment  most  of  the  work  on  silicon 
hetero-type  devices  is  still  in  the  early 
development  stage  since  only  dc  results  are 
largely  available;  results  on  the  dynamic 
performance  of  silicon  heterojunction  devices 
arevery  limited. 

The  challenges  in  vide-gap  eaitter  research 
can  be  summarized  as  follovs  : 

-  to  find  a  vide-gap  material  compatible  with 
state-of-the  art  silicon  processing 

-  the  doping  efficiency  of  the  vide-gap 
material  must  be  sufficiently  large  such 
that  lov  bulk  resistivities  and  contact 
resistances  can  be  obtained. 

Unfortunately  it  turns  out  that  these  tvo 
requirements  are  not  easily  compatible.  The 
following  materials  have  been  Investigated, 
with  variable  success,  as  vide  gap  eaitter  : 

-  GaP  :  this  material  is  lattice  matched  to  Si 
but  suffers  from  interface  doping  effects; 
so  far  poor  transistor  performance  has  been 
reported  110). 

-  SIPOS  :  yields  excellent  GNg  but  large  Rg. 
Experiments  have  shown  that  current  gain  is 
not  related  to  the  vide  emitter  gap  but  to 
the  presence  of  a  thin  interfacial  oxide 
layer  Ill). 

-  0-S1C  :  although  not  lattice-matched  on 

silicon  good  quality  epitaxial  grovth 

without  large  built-in  stress  has  been 

demonstrate*  (12).  This  material  is  very 
promising,  although  device  performance  has 
not  yet  been  reported. 

-  Amorphous  Si  (a-SltB)  :  excellent  GNg  but 

large  Rg  (>  10'3  Qc*2)  (13);  large  series 

resistance  is  caused  by  contact  rather  than 


by  the  presence  of  an  Interfacial  oxide 
layer.  The  TEM  picture  of  Pig.  2 

demonstrates  the  onset  of  epitaxial 
alignment  over  a  large  fraction  of  the 
interface  at  the  grovth  temperature  of  250*C 
in  the  plasma  CVD  reactor.  This  indicates 
that  the  large  emitter  Gummel  number  is  not 
an  interface  but  a  true  heterojunction 
effect.  Amorphous  SiC:H  has  also  been  tried 
(14),  but  devices  suffer  from  similar 
problems  as  with  a-Si:H. 

-  Microcrystalline  silicon  [15]  :  allows  large 
bandgap  (1.4  eV)  and  reasonably  lov 

resistivities  (10  Bern)  to  obtain  lov 

series  resistance.  Rovever,  groving  this 

material  reproducibly  using  the  conventional 
plasma  CVD  vithout  epitaxial  alignment  may 
be  difficult. 


FIGURE  4 

Max  DC  current  gain  versus  base  Gummel  number 
for  different  types  of  emitters. 


Figure  4  presents  some  experimental  results 
indicating  an  increase  in  the  dc  current  gain 
9  when  Si  vide  bandgap  emitters  are  used. 
Prom  these  preliminary  results  it  follovs 
that,  in  the  opinion  of  the  authors,  tvo 


380 


6.  ACKNOWLEDGEMENT 


"vide-gap"  Materials  should  be  considered  as 
serious  candidates  :  SiC  and  to  a  sealler 
extent  aicrocrystalline  silicon. 

4.  NARROW  BASE  SILICON  BIPOLAR  TRANSISTORS 

It  is  nov  veil  knovn  [16]  that  the  GexSij_x 
layers  can  be  grovn  pseudoaorphically  on 
silicon  if  the  layers  are  thinner  than  the 
critical  thickness.  If  such  a  p-type  layer  is 
overgrovn  by  an  n-type  doped  Si  layer  a  narrov 
base  transistor  is  formed.  Initial 

calculations  indicate  that  vith  x  -  0.2  a 
large  bandgap  difference  between  emitter  and 
base  and  a  critical  thickness  large  enough  to 
avoid  punchthrough  and  yield  low  base 
resistance,  can  be  combined.  As  in  this 
structure  the  silicon  in  the  emitter  vill 
remain  cubic  and  unstressed  the  bandgap 
difference  vill  be  almost  completely  seen  as  a 
bandoffset  at  the  valence  band  edge  yielding  a 
very  efficient  np  heterojunction. 

In  the  opinion  of  the  authors  such  a 
narrov-gap  base  heterotransistor  is  extremely 
promising  for  the  folloving  reasons  : 

-  emitter  and  collector  Interchangeability 

-  smaller  turn-on  voltage,  allovlng  a  somewhat 
lover  power  dissipation 

-  due  to  the  absence  of  collector  stored 
charge  a  high  speed  saturated  logic  can  be 
developed 

-  no  problems  vith  low  emitter  specific 
contact  resistance. 

5.  CONCLUSIONS 

Directly  diffused  or  implanted  emitters  are 
not  compatible  vith  very  thin  base  VLSI 
bipolar  transistors.  Polysilicon  emitters 
suffer  from  high  emitter  resistance  and  in  the 
short  term  epitaxial  emitters  seem  to  be  the 
best  alternative.  On  the  other  hand,  more 
research  sould  be  oriented  tovards  narrov 
bandgap  base  heterojunction  bipolar 
transistors  as  they  present  comparably  high 
emitter  efficiency  to  vide  bend  gap  emitters 
with,  hovever,  no  emitter  resistance  problems. 


The  authors  would  like  to  thank  J. 
Vanhellemont  for  the  TEN  analysis. 
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Lamp-Zone  Melting  Recrystallization  (ZMR)  of  deposited  silicon  on  oxide  has 
proved  to  be  suitable  for  making  devices.  Me  present  here  electrical  results 
obtained  in  this  aaterial  on  batches  of  4-in.  wafers,  which  confira  its  crystalline 
quality.  We  also  present  recent  results  obtained  in  SOI  aaterial  prepared  by 
oxidizing  a  buried  porous  layer.  Since  laser-ZMR  is  still  in  the  race  toward 
the  fabrication  of  a  aaterial  compatible  with  3-0  circuits  fabrication,  soae 
new  results  are  periodically  available.  By  presenting  electrical  results  of 
the  three  types  of  aaterial,  we  coapare  and  discuss  the  future  trends  in  SOI 
concerning  each  of  these  three  techniques. 


1.  INTRODUCTION 

Silicon-On-Insulator  (SOI)  is  expected  to 
help  solving  soae  of  the  present  probieas 
encountered  in  the  CMOS  technology  of  VLSI 
circuits,  naaely  in  the  race  toward  smaller 
dimensions:  latch-up,  dielectric  isolation 
and  density  of  integration,  power 
consumption,,..  Many  techniques  have  been 
investigated.  The  use  of  an  oxygen  ion 
implantation  (SIMOX)  is  presently  widely 
studied  over  the  laboratories,  and  is 
discussed  elsewhere  in  these  proceedings.  We 
have  been  working  on  Zone  Melting 
Recrystallization  (ZMR)  for  a  long  time  111. 
This  technique  has  therefore  reached  a  level 
where  batches  of  4-in.  wafers  can  be 
processed  reproducibly  and  provide  a 
device-worthy  aaterial  111 .  Another 
technique  is  attractive  since  the  processing 
apparatus  is  simple  and  cheap:  the  oxidation 
of  porous  silicon  obtained  by  anodizing  a 
N/N+/N  structure.  The  last  technique  we 
report  below  is  laser-ZMR  which  is  one  of  the 
techniques  which  should  be  used  for  asking 
3-D  devices.  We  present  these  three 
techniques  and  coapare  their  respective 
electrical  parameters  as  measured  after 
having  ran  wafers  of  each  type  in  a  3pa  CMOS 
tachnological  process. 


2.  SOI  MATERIAL  PREPARATION 

The  preparation  of  laap-ZMR  SOI  aaterial 
has  already  been  reported  /3/.  Shortly,  a 
grating  is  etched  in  an  oxidized  wafer.  It 
consists  in  0.4  pa  deep  and  36  pa  wide 
stripes  separated  by  4  pa  lines.  A  0.5  pa  to 
0.6  pa  thick  encapsulated  polysilicon  file  is 
used.  The  cap  is  a  1.6  pa  thick  oxide.  It 
avoids  the  delaeination  of  the  liquid  silicon 
and  liaits  mass  transport  at  melting.  The 
lamp  apparatus  /3/  consists  in  a  row  of 
halogen  laaps  used  to  preheat  the  wafer  up  to 
1150  ”0.  An  additional  laap  placed  in  an 
elliptical  mirror  is  used  to  aelt  the 
deposited  polysilicon  fila.  The  aolten  line 
is  scanned  at  a  speed  of  0.2  aa/s.  The 
grating  etched  in  the  underlying  oxide 
provides  an  effective  defect  entrainaent, 
thanks  to  a  solidification  front  aodulation 
/4/.  Fig. la  presents  a  SEN  micrograph  of  a 
cross-section  of  a  typical  laap-ZMR  wafer. 
Extended  characterizations  of  these  samples 
have  already  been  reported  /5 /.  The 
remaining  defects  such  as  grain- , subgrain 
boundaries  (GBs,  SGBs)  or  precipitates  are 
entrained  upon  the  4  pa  steps  of  the  relief 
grating.  The  wafers  are  flat  and  the  slip 
lines  if  there  are  any  are  located  in  the 
bulk  substrate  and  not  in  the  SOI  fila 
itself.  Batches  have  been  processed  which 
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FIGURE  1 

SEM  cron- section*]  micrographs  of: 

a)  a  lamp-ZMR  oxide  capped  sample  near 
a  defect  entrainment  line 

b)  an  oxidized  porous  sample  near  an 
anodization  access  window  .  The  sample 
has  been  etched  in  a  1:7  HF:FNH4 
solution 

c)  a  laser-ZMR  sample  near  a  SEG-filled 
seed.  The  sample  has  been  immersed  in 
a  buffered  HF  solution. 


shoM  the  reproducibility  of  the  lamp-ZMR 
procedure  ae  well  ae  the  compatibility  of  the 
wafers  with  a  CMOS  process  line. 

A  different  approach  has  been  studied  to 
fabricate  SOI  aaterial:  it  la  based  on  the 
transformation  of  single  cryetal  silicon  into 
porous  silicon  by  anodization  in  an  HF 
electrolyte.  By  taking  advantage  of  the 
preferential  anodization  of  N+  silicon,  a 
buried  porous  layer  can  be  obtained  by 
opening  windows  in  the  N-type  epitaxial  layer 
of  an  N/N+/N  structure  /6/.  The  formation  of 
porous  silicon  proceeds  laterally  until  the 
whole  volume  of  the  buried  layer  is 
transformed,  in  a  self-limited  reaction.  Me 
have  bean  working  with  a  controlled  potential 
in  a  potentiostatic  three  electrodes 
configuration.  The  anodization  conditions  in 
Hf  electrolytes  solutions  are  adjusted  to 
give  an  homogeneous  porous  layer  of  about  56% 
porosity.  An  oxidation  step  provides  a 
buried  oxide  which  is  equivalent  to  a  thermal 
oxide  111,  regarding  its  resistance  to 
chemical  etching  in  HF:  FNH4  solutions. 
Fig. lb  is  a  SEM  micrograph  of  a  cross-section 
of  the  SOI  strucure  after  the  porous  layer 
has  been  oxidized.  The  buried  oxide  is 
homogeneous,  displays  flat  and  abrupt 
interfaces.  In  this  sample,  the  N+  layer 
doping  level  was  1.5  E19  cm-3  (antimony)  and 
was  anodized  in  35%  HF  solutions  in  ethanol. 
The  oxidation  procedure  has  been  described 
elsewhere  111.  By  using  this  procedure, 
4-in.  SOI  wafer*  have  been  fabricated  which 
are  compatible  with  a  standard  CMOS 
technological  proceas.  The  SOI  material 
consists  in  4/36  pm  wlndow/actlve  region 
stripes,  all  across  the  wafer. 

Laser-ZMR  has  been  a  pionneerlng  technique 
for  the  obtention  of  SOI  aaterial,  but  ite 
application  haa  been  restricted  becauee 
of  eeveral  drawbacke.  The  epot  elze  and 
related  overlapping  probleme  remain.  Since 
the  two  previoue  techniquee  cannot  afford  the 
opportunity  of  making  3-0  devices,  the  laser 
haa  not  been  abandonned.  Therefore,  new 
efforte  have  been  made  on  the  way  toward 
obtaining  large  defect-free  areas.  In 
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laser-ZMR  where  a  seed  is  used,  defects  are 
related  to  the  thermodynamical  behaviour  of 
the  seed  are*  upon  netting,  i.e.  the 
voluaetric  contraction  of  silicon  and  the 
tenperature  gradient  between  the  seed  and  the 
SOI  region.  These  effects  can  be  overcome  by 
using  a  seed  filled  with  single  crystal 
Si  or  by  using  discontinuous  seeds  /8/. 

In  our  case,  we  have  used  a  Selective 
Epitaxial  Growth  process  (SEG)  /9/.  Our 
samples  are  as  follows:  4-in.  wafers  are 
oxidized  up  to  0.5-0. 6  pm  and  i.nen  etched  by 
Reactive  Ion  Etching  (RIE)  for  delineating 
the  seed  regions:  2  or  4  pm  wide  and  40  pm 
pitch.  The  seed  lines  aie  <100>  or  <110> 
oriented.  The  solidification  front  is  here 
controlled  by  L.ie  trailing  edge  of  the  molten 
spot. 

A  solidification  front  parallel  to  the  <110> 
direction  is  therefore  obtained  by  using  an 
elliptical  spot  slanted  at  30  °  from  the 
<100>  scan  direction. 

A  1  pm  poly-Si  film  is  then  deposited, 
followed  by  the  deposition  of  a  1  pm  oxide 
cap.  Since  the  slanted  elliptical  spot  is 
scanned  parallel  to  the  seed  lines,  the 
defects  are  rejected  near  one  end  of  the 
seed.  Fig.lc  shows  a  SEM  micrograph  of  a 
cross-section  of  our  sample  near  the  seed 
region.  The  high  crystal  quality  has  been 
confirmed  by  TEM.  The  crystalline  defects 
are  the  SGBs  which  correspond  to  about  1 
degree  of  misorientation  between  each  side  of 
the  SGB.  Similar  results  have  been  obtained 
using  discontinuous  seed  /&/.  Isolated  dislo¬ 
cations  exist  in  the  seed  regions.  They  do 
not  extend  very  deep  into  the  substrate  and 
their  density  is  lower  with  2  pm  seeds  than 
with  4  pm  openings. 

3.  ELECTRICAL  PARAMETERS 

The  three  types  of  SOI  wafers  have  been 
processed  in  similar  self-aligned  3  pm 
poly-Si  gate  CMOS  sequences.  The  main 
technological  parameters  are  summarized  in 
Table  1.  The  laser  results  presented  below 
have  been  obtained  on  samples  prepared  and 
recrystallized  by  the  LETI  and  using  discon¬ 
tinuous  seeds  /8/.  Natural  transistors  are 


SOI 

Gate  Oxide 

Lateral  Isolation 

Gate  Material 

5000  A 

420  A 

RIE  of  mesas 

Poly-Si: 4200  A 

Table  1  :  Process  Parameters, 
fabricated  by  avoiding  the  channel  implants, 

1. e.  using  the  as-prepared  SOI  material. 

They  can  either  be  enhancement  or  depletion 
mode  transistors.  These  natural  transistors 
provide  an  adequate  tool  to  study  the 
properties  of  the  interfaces  and  to  measure 
the  residual  doping  concentration,  by  C-V, 
I-V  and  transconductance  (gm)  measurements 
/10/.  Since  the  SOI  film  thickness  is  about 
5000  A,  the  channel  will  be  completely 
depleted  or  not,  depending  on  the  residual 
doping  level  of  the  SOI.  Table  2  presents 
values  of  drain  current  as  measured  on 
depletion  N+/N/N+,  W/L  =  30/30pm  (natural) 

transistors  at  Vg=  -2 V  and  Vd=  5V.  It  is 
below  E-13  A/pm  in  the  lamp-samples  whereas 
it  is  about  E-9  A/pm  in  the  laser-samples  and 
E-6  A/pm  in  the  FIP0S  samples.  These  values 
are  attributed  to  the  residual  doping  level 
and  to  interface  states  at  the  back 
interface.  In  the  three  types  of  SOI 

material,  the  residual  doping  is  N-type.  It 
is  in  the  low  E15  cm-3  in  the  lamp  samples 
and  in  the  high  E15  cm-3  in  the  laser 
samples.  No  satisfactory  explanation  has 
been  found  to  explain  this  N-type,  whereas  it 
is  in  the  £16  cm-3  for  the  FIP0S  samples 
where  it  can  be  attributed  to  a  diffusion  or 
to  any  incorporation  mechanism  of  species 
from  the  N+  layer  used  for  the  preparation  of 
the  material  (N/N+/N  structure).  In  order  to 
better  qualify  the  material  quality,  we  have 
derived  the  minority  carrier  lifetime  from 
the  time  to  form  the  inversion  layer  in  a 
depletion  mode  transistor  /ll/.  Table  2 
summarizes  the  orders  of  magnitude  obtained 
in  each  type  of  SOI.  It  shows  that  the  lamp 
material  is  approaching  bulk  material  quality 
whereas  FIP0S  and  laser  materials  have  traps 
which  reduce  the  lifetime.  As  shown  in  Table 

2,  we  have  also  derived  values  of  electron 
and  hole  mobilities  from  gm(Vg)  curves  at  Vg= 
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Residual  Doping 

*8 

pe 

PP 

Lamps 

N 

2-3  El 5  cm-S 

10  ps 

900 

230 

FIPOS 

N 

2-3  E16  cm-3 

1  ps 

500 

145 

Laser 

N 

7-8  E15  cm-3 

1  ps 

1000 

200 

tg:  Minority  Carrier  Lifetime, 
pe,  pp:  Electron,  Hole  Mobility. 


Table  2  :  Electrical  Parameter*  Obtained  from  Natural 
Transistor*  (N+/N/N+  and  P+/N/P+). 

Vfb  (flatband  voltage)  /12/.  Notice  that 
these  values  do  not  correspond  to  those 
Measured  In  inversion  or  accumulation  layers. 
They  are  close  to  the  bulk  values  /13/ 
whereas  the  second  ones  are  lower  as  a  result 
of  Increased  scsttering. 

These  results  are  confiraed  by 
measurements  performed  on  enhancement  mode 
transistors  (where  the  channel  has  been  ion 
implanted).  In  Table  3,  we  present  leakage 
current  levels  as  measured  on  72/5  pa  N-type 
edgelesa  transistors  at  Vg*  -2V  and  Vd*  5V. 
In  each  type  of  SOI,  they  remain  below  1  pA/ 
pa  of  channel  width.  Table  3  also  displays 
surface  mobility  values  as  derived  from  Id-Vg 
curves  in  the  linear  region.  The  high  value 
of  the  electron  mobility  together  with  a  low 
hole  mobility  in  the  laser-samples  could  be 
due  to  some  residual  local  stress  within  the 
SOI  film.  The  low  hole  mobility  of  the  FIPOS 


Leakage  Current 
(•) 

pe 

cm2/V.s 

PP 

cm2/V.a 

*P 

ns 

Lamps 

<pA 

620 

220 

i 

FIPOS 

<pA 

570 

155 

1.7 

Laser 

<pA 

570 

185 

2.2 

(•)  Measured  at  Vg-  -  and  Vd-+/-5V. 
pe,  pp:  Electron, Heir  ...jollities, 
tp:  Propagation  Delay  Tim-  ^  :  Gate  (3.5  pm  effective 
channel  length). 

Table  3  :  Electrical  Parameter*  Obtained  front  N-  and  P- 
Enhaneemenl  Mode  Tranrinon  . 


aaaple  could  reault  from  a  poorer  quality 
elthar  of  the  interfaces  or  of  the  aaterlel 
ee  compared  to  the  other  aateriale.  These 
pareaetere  have  been  derived  froa 
aeasureaents  parformad  on  edgaleaa 
tranaiatora  since  these  allow  to  avoid  the 
parasitic  edge  channel  encountered  In  mesa 
etched  N-type  transistors  /14/.  Fig. 2  shows 
Id-Vg  curves  of  both  P-  and  N-type  edgaleaa 
72/5  pm  tranaiatora  obtained  In  laap-ZMR 
wafers  at  Vd*  0.1  V.  The  aubthreshold  slope 
Is  about  120  mV/decade  and  confirms  a  low 
density  of  interface  states.  This  slope  can 
overcoae  the  theoretical  "ideal”  value  as  a 
result  of  the  "kink”  effect  /i5,  2/due  to  the 
floating  substrate  /16/.  It  can  be  avoided  by 
connecting  the  source  and  the  channel  or 
reduced  by  thinning  the  SOI  film  /17/. 

249-stage,  3.5  pa  effective  gate  length 
ring  oscillators  have  been  fabricated,  in 
order  to  test  the  dynamic  characteristics  of 
the  aaterials.  Table  3  sumaarizes  the 
results  for  the  three  SOI  .  techniques.  Me 
believe  that  in  the  laser-samples  where  the 
mobility  on  individual  transistors  Is  high 
(see  Table  3),  the  Increased  propagation 
delay  tlae  is  partly  due  to  the  thin  oxide 
used  to  Isolate  the  seeds  (gate  oxide),  and 
also  to  the  low  thickness  of  the  underlying 
oxide  (0.3  pm). 


to 

(  ) 


FIGURE  2 

Id-Vg  curve*  of  P-  and  N-channel  tran¬ 
sistor*  fabricated  in  lamp-ZMR  material. 
Channel  width,  W-  72um  and  gate  length, 
L-  4um.  Vd-  +/-  0. IV  and  Vg-  «/-  5v. 
The  Bulk  substrate  voltage  Vb  is  OV. 
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The  nuaber  of  processed  wafers  is  too  'low 
for  the  laser-  and  flPOS-SOI  aaterial  to 
provide  reliable  statistical  studies  froa  a 
wafer  to  another  or  froa  a  run  to  another. 
It  aust  be  pointed  out,  however,  that  in 
single  wefers  the  laser-  and  FIPOS-SOI  file 
thickness  is  very  unifora.  This  point  is 
very  iaportant  for  technological  steps  such 
as  SOI  fila  thinning,  dielectric  isolation 
(aesa  etching  or  LOCOS  definition),  energy 
adjustaent  of  the  Orain/Source  iaplants... 

Statistical  results  are  available  for  the 
laap-SOI  aaterial  where  aany  batches  have 
been  processed.  They  have  first  shown  that 
the  residual  doping  level  should  be  reduced 
down  to  the  £15  ca-3  or  less  in  order  to 
allow  the  adjustaent  of  the  threshold  voltage 
of  both  N-  and  P-type  transistors.  Notice  in 
fig. 2  the  syaaetrical  characteristics  of  both 
P-  and  N-channel  transistors.  In  fig. 3,  we 
display  the  threshold  voltage  distribution  of 
enhanceaent  aode  20/3  pa  N-type  transistors 
obtained  on  4  4-in.  wafers  of  a  saae  batch. 
The  aean  value  is  0.9V  with  a  standard 
deviation  of  61  aV.  Me  have  already 
presented  soae  statistical  results,  naaely  on 
the  influence  of  the  defect  entrainaent  lines 
and  shown  how  they  scatter  the  threshold 
voltage  distribution  111 . 


ISM  «.1M  ,.9W  l.ie  1.3* 

THRESHOLD  VOLTAGE  (V) 


FIGURE  3 

Threshold  voltage  distribution  of  N-type 
transistors  fabricated  in  lamp-ZMR  wafers. 

W-  2Cu.n,  Ineffective-  1.7um.  The  mean  value 
is  0.9V  and  the  standard  deviation  61  mV. 


4.  DISCUSSION 

Me  have  presantad  above  the  aain 
electrical  resulta  obtained  In  each  of  the 
three  techniques.  It  aust  be  pointed  out 
that  theee  results  are  not  independent  of  the 


level  of  aaturity  of  the  technological  device 
process  for  a  given  aaterial.  Since 
leap-aaterial  has  reached  a 
process-coapatible  quality  before  the  other 
two,  they  are  a  step  forward  on  their  way 
toward  the  production  of  SOI  circuits  for  the 
aicroelsctronics.  Specific  technological 
steps  necessary.  Moreover,  the  design 
constraints  brought  on  by  the  relief  greting 
have  been  taken  into  account  by  the  circuit 
designers  who  use  the  defective  silicon  for 
highly  doped  parts  of  circuits. 
Mass-transport  still  has  to  be  iaproved  if 
one  wants  to  thin  the  SOI  fila  down  to 
hundreds  of  angstroaa.  This  should  be  useful 
for  avoiding  the  "kink”  effect  without 
density  loss.  Another  "effect"  has  to  be 
reduced,  that  is  the  previously  reported 
"shrink”  of  the  laap-ZMR  wafers  /3/.  It 
leads  to  a  narrowing  of  the  defect  lines.  It 
oust  be  quantified  precisely  and  be 
reproducible  in  order  to  have  it  correctly 
corrected  at  the  first  aask  level,  that  is 
the  relief  grating  level. 

On  the  other  hand,  laser-  and  FIPOS-SOI 
aaterials  are  quite  new,  as  far  as  the  VLSI 
technological  process  is  concerned.  FIPOS  is 
very  attractive  since  the  useful  aaterial  is 
siailar  to  the  starting  bulk  crystal  as  it 
does  not  undergo  any  transforaation. 
However,  the  residual  doping  level  should  be 
reduced  at  least  of  one  order  of  magnitude  if 
we  want  to  adjust  the  threshold  voltages. 
Moreover,  new  design  constraints  are  brought 
in  by  the  fact  that  there  is  no  silicon  left 
in  the  access  windows  of  the  N/N+/N  structure 
after  oxidation  of  the  porous  buried  layer. 
The  interracial  quality  of  the  oxide  should 
also  be  further  iaproved.  Finally,  the  laser 
technique  has  to  be  characterized  aore 
specifically  and  precisely,  naaely  concerning 
the  residual  crystalline  defects  (SGBs, 
twins,  stacking  faults,...)  and  the  residual 
stress  within  the  recrystallized  aaterial. 
Moreover,  the  long  tera  stability  of  the 
laser  also  has  to  be  certified.  Me  believe, 
however,  that  this  technique  should  find  soae 
specific  applications  in  the  field  of  3-0 
circuits. 

To  suaasrize,  we  believe  that  it  might  be 
possible  to  classify  the  three  techniques  in 
a  chronological  order  of  applications  to 
circuit  fabrication.  Laap-ZMR  aaterial  is 
ready  for  -  circuit  devalopaant. 
FlPOS-aaterial  should  find  a  aediua  tera 
application,  after  the  aain  residual  problems 
indicated  above  will  be  solved.  Lsser-ZMR 
has  a  certified  but  probably  long  tera  3-0 
circuit  field  of  application  and  should  still 
demonstrate  its  reproducibility  and 
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crystalline  quality  on  a  large  scala  If  it 
wants  to  ba  applied  shortly  in  tha  VLSI  2-0 
technology . 

5.  CONCLUSIONS 

Me  have  shown  that  aaong  three  different 
techniques  used  in  the  recent  yeers  to 
fabricate  SOI  notarial,  i.e.  leap-  or 
laaer-ZHR  and  FIPOS,  the  level  of  advancement 
is  quite  different  in  both  eaterial  and 
technological  processes.  Statistical  and 
electrical  parameters  obtained  in  lamp-ZMR 
batches  of  wafers  show  that  this  technique  is 
ready  for  providing  substrates  for  making 
CMOS  devices.  On  the  other  hand,  problems 
related  to  remaining  detects  in  the  material 
or  to  a  high  reaidual  doping  level  atill  have 
to  be  solved  in  the  other  two  techniques 
before  they  can  provide  reliable  aubatratea. 
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POROUS  ANODISED  SILICON  FOR  FULL  DIELECTRIC  ISOLATION: 
The  Development  of  an  n/n+/n  Device  Route 
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The  n/n+/n  route  to  porous  silicon  has  been  used  to  produce  fully  dielectrically  isolated 
silicon  islands.  Results  are  presented  to  show  that  doping  of  the  island  with  residual  n+ 
material  can  be  avoided  and  that  the  silicon  is  of  high  crystalline  perfection.  The  tech¬ 
nique  is  shown  to  avoid  the  limitations  of  the  original  p-n  technique  and  to  be  extremely 
promising  for  SOI  Device  applications. 


1.  INTRODUCTION 

Progress  Is  reported  in  applying  oxidised 
porous  anodised  silicon  for  full  dielectric 
isolation  in  VLSI.  Early  procedures  [1]  were 
based  on  selectively  anodising  p-type  regions, 
and  NTT  made  a  64K  RAM  using  this  technique. 
The  method,  however,  had  limitations  with 
respect  to  island  width  and  crystallographic 
perfection,  and  resulted  in  thick  porous 
layers.  Inevitably,  a  spike  was  left  under 
the  silicon  Islands.  Other  approaches  Involve 
growing  good  quality  molecular  beam  epitaxial 
layers  on  porous  silicon  [2]  or  rely  on  a 
burled  layer  beneath  the  silicon  wafer  surface 
to  direct  the  current  flow  laterally,  under 
the  device  islands  [3].  Both  of  these  methods 
have  disadvantages  in  practice. 

Me  have  explored  n/n+/n  enhanced  lateral 
anodisation  as  an  alternative  route  [4].  Its 
basis  la  that  the  auceptlblllty  to  anodising 
is  dependent  on  the  n-type  doping  level,  so 
that  higher  dopant  concentrations  lead  to 
lower  anodising  voltages  and  lower  porous 
densities.  Therefore  n+  material  can  be 
anodised  preferentially  leaving  a  lower-doped 
n-type  island.  The  advantages  of  this 
technique  over  using  p/n  selectivity  are  that 
the  thickness  of  the  porous  silicon  and  hence 


the  buried  oxide  can  be  decoupled  from  the 
width  of  the  islands,  there  is  no  residual 
spike  beneath  the  centre  of  the  island, 
therefore  the  islands  as  formed  and  after 
oxidation  are  potentially  defect  free.  A 
disadvantage  is  the  need  for  a  thin  epitaxial 
layer  with  an  abrupt  interface  to  a  buried  iH- 
layer. 

2.  EXPERIMENTAL 

A  strip  mask  has  been  used  to  produce 
wafers  with  different  structures  in  each  of 
four  quadrants.  Island  strips  of  width  20, 
30,  40  and  60  microns  have  been  produced  with 
3  micron  n+  anodising  entry  windows  between 
them  In  the  four  quandrants,  respectively. 
The  wafers  were  anodised  at  constant  voltage 
in  an  ethanoic/HF  electrolyte  to  convert  the 
rri-  silicon  both  between  and  under  the  islands 
into  porous  silicon  about  half  a  micron  thick. 
The  wafers  were  subsequently  oxidised  and 
analysed. 

3.  RESULTS 

Transmission  electron  micrographs  (TEM)  of 
cross-sections  of  island-doped  wafers  (Figure 
1)  illustrate  the  isolation  obtained,  the 
retention  of  the  island  geometry  and  the 
good  crystallographic  quality  of  the  island. 
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Figure  1 ■  Cross-section  TEM  micrographs  showing  the  n/n+/n  microstructure  following  (a)  anodising 
and  (b)  oxidation  at  300°C  for  1  hour  and  800°C  for  2  hours,  (c)  300*C  for  1  hour,  800 'C  for  t  hour 
and  1090*C  for  4  minutes  followed  by  an  anneal  in  dry  nitrogen  for  1  hour.  Note  the  absence  of 
defects  in  the  Si  island  and  the  sharpness  of  the  interface  between  the  Si  island  and  the  porous  Si. 
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Figure  2(a) .  SIMS  profile  showing  the  initial 
dopant  distribution  through  a  vertical  section 
of  the  island  structure. 


Depth  (microns) 


The  non-uniform  structure  of  the  as-anodlsed 
porous  silicon  Is  related  to  the  Implant 
profile  which  Is  well-revealed  by  SIMS 
analyses  (Figure  2a).  The  pore  site  and 
structure  Is  determined  by  a  complex 
relationship  between  dopant  concentration, 
electrolyte  composition  and  the  anodising 
current  density.  By  careful  choice  of 
conditions,  the  doping  levels  and  current 
density  effects  can  be  used  to  counteract  each 
other  in  order  to  achieve  a  much  better 
uniformity  than  that  shown. 

The  steepness  of  the  profile  determines  the 
roughness  of  the  interfaces  between  the 
silicon  Island/porous  silicon,  and  substrate/ 
porous  slltcon.  On  oxidation,  the  porous 
silicon,  together  with  some  of  the  silicon  at 
the  back  of  the  Island  and  at  the  substrate 
Interface,  Is  converted  to  SlOj,  This  Is 
shown  in  Figure  1  (TEm)  and  Figure  3 
(Rutherford  Rackscattering). 


Figure  2(b).  SIMS  profile  showing  dopant  dist¬ 
ribution  after  the  oxidation  of  the  porous 
silicon. 
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Figure  3.  Rutherford  bsckscattering  (RBS) 
spectra  from  randomly  oriented  samples  of  as- 
anodised  and  anodised-plus-oxidised  (1  hour  at 
300*C  plus  2  hours  at  800*0  porous  silicon. 
The  spectrum  from  the  oxidised  porous  sasiple 
indicates  fully  oxidised  Si02  with  some  of  the 
back  face  of  the  island  also  being  oxidised. 


If  the  anodising  has  been  done  correctly,  the 
oxidation  of  the  whole  of  the  back  of  the 
island  is  unifora.  Due  to  the  steepness  of 
the  impurity  profile  and  the  low  oxidation 
temperatures  involved,  an  oxide  barrier  can  be 
created  which  makes  it  possible  to  avoid 
doping  the  back  of  the  island  (Figure  2b). 

4.  CONCLUSIONS 

Very  lightly  doped  islands  have  been 
produced  with  sharp  interfaces,  good  island 
morphology  and  low  defect  densities.  The  n/nf 
route  has  been  shown  to  overcome  the 
limitations  associated  with  the  original  p/n 
porous  silicon  technique.  It  is  therefore,  an 
extremely  promising  approach  to  SOI  device 
production. 


ACKNOWLEDGEMENTS 

This  work  was  partially  funded  by  the  UK  Alvey 
programme. 

The  assistance  of  Plessey  Research  (Caswell) 
Ltd  and  the  GEC  Hirst  Research  Centre  in  the 
preparation  of  these  samples  and  of  Mr 
Blackmore  (RSRE)  for  the  SIMS  analyses  is 
gratefully  acknowledged. 

REFERENCES 

[1]  K  Imai,  Solid  State  Electronics,  Vol  24 
(1981)  pp  159-164. 

[2]  G  Konaka,  M  K  Tabe  and  T  Sakai,  Appl  Phys 
Lett  (1983)  86. 

[3]  J  Benjamin,  J  M  Keen,  A  G  Cullis,  B  Innes 
and  N  G  Chew  Appl  Phys  Lett  4!)  (12) 
22  September  1986,  716. 

14]  R  P  Holmstrom  and  J  Y  Chi,  Appl  Phys  Lett 
42  1983  386. 


©  Copyright  at  HMSO,  London,  1987 


394 


B2.2.3 


STACMOS :  A  BASIC  3-OIKnSIONJU.  CMOS  PROCESS 


B.  Buchner ,  t.  Haberger ,  p.  Seegebrecht  and  P.  Famish 

frawmbofer  Institut  fur  Pestk&rpertechnologie 
Paul-Cerhardt-Allee  42 
0-8000  Munich  60,  Seat  Germany 


HOS  Transistora  have  baan  fabricated  in  two  independent  active  device  layers, 
the  second  of  which  has  bean  foraad  through  laser  racrystallization  of  a  thin 
polysilieon  layer.  The  effect  of  the  fabrication  process  on  the  devices  in  the 
silicon  substrate  has  been  investigated  and  characterized  through  electrical 

aaasuraaants. 


1.  IimtODUCTIO* 

Integrated  circuit  semiconductor  develop¬ 
ment  is  characterized  by  constantly  increasing 
device  packing  density.  Until  recently  this 
has  been  achieved  by  reducing  the  lateral 
device  dimensions  while  increasing  the  chip 
area.  The  magnitude  of  reduction  in  device 
dimensions  has  proved  to  introduce  significant 
technological  problems.  Another  possibility 
for  increasing  the  level  of  integration  is  the 
utilization  of  one  or  more  additional  device 
layers.  In  addition  to  reducing  the  inter¬ 
connection  length  such  a  tactic  allows  the 
realization  of  completely  new  circuit  concepts 
as  well  as  making  possible  the  utilization  of 
mixed  technologies. 

In  order  to  investigate  the  effect  of 
recrystallization  of  the  upper  layer  of  a 
3-dimensional  circuit  on  the  devices  in  the 
underlying  layer  a  3D-CK0S  process  has  been 
developed. 

2.  PROCESS 

Since  the  primnry  purpose  of  this  invest¬ 
igation  is  to  determine  the  effects  of  the 
recrystallization  process,  the  technology  has 
been  conceptualized  to  be  as  simple  as 
possible.  Two  active  device  layers  have  been 
fabricated,  the  first  of  which  is  in  the  nono- 
crystalliae  silicon  substrate,  and  the  second 
which  is  fabricated  in  a  thin  recrystallized 
polysilieon  layer.  This  arrangement  suited 


itself  to  a  CMOS  circuit  structure  in  which 
the  MHOS  and  PHOS  devices  are  fabricated  in 
their  own  layers  respectively  thus  simpli¬ 
fying  the  process,  though  it  is  in  principle 
not  necessary.  Due  to  the  fact  that  arsenic 
is  the  most  thermally  stable  element  in 
silicon  it  was  decided  that  the  n-channel 
devices  would  be  fabricated  using  As  doped 
source-drain  regions  in  the  monocrystalline 
silicon  substrate. 

The  3D  process  developed  requires  10  mask 
steps  and  utilizes  virtually  exclusively 
standard  semiconductor  processes.  Starting 
material  for  the  process  is  3"  p-type  (100) 
silicon  wafers.  The  first  phase  of  the 
process  is  the  utilization  of  a  standard  poly¬ 
gate  MOS  process  to  fabricate  the  n-cbannel 
devices  using  a  500  A  thick  gate  oxide  with  a 
minimum  feature  size  of  4  um.  The  source- 
drain  regions  are  As  doped  using  ion  implan¬ 
tation.  At  the  completion  of  this  phase  the 
surface  exhibits  significant  topography.  It 
is  known  that  such  nonplanar  features  have  un¬ 
desirable  effects  on  the  recrystallization 
process  resulting  in  nucleation  sites  for 
grain  boundary  formation  [1].  These  effects 
are  minimized  by  applying  a  planarization 
process  which  serves  simultaneously  to 
insulate  the  first  device  layer.  A  two  stage 
planarization  process  is  used.  In  the  first 
stage  a  LPCVD  oxide  is  deposited  and  then 
patterned  to  fill  the  depressions  in  the 
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source-drain  areas.  A  low  teaperature  oxide 
(LTO)  is  used  for  which  the  etch  rate  in 
buffered  HF  is  roughly  three  tines  that  of  a 
thermal  oxide  thus  allowing  processing  without 
special  etch  stops.  With  the  proper  mask 
design  this  process  allows  a  nearly  planar 
surface  to  be  obtained.  The  remaining 
irregularities  are  minimized  in  a  reflow 
planarization  step  in  which  a  0.1  un  oxide 
layer  is  deposited  followed  by  0.4  urn  of 
Phosphorous-Silicate-Glass  (PSG) .  After  re¬ 
flow  a  0.2  un  oxide  layer  is  deposited  to 
serve  as  a  diffusion  barrier. 

After  completion  of  the  devices  in  the 
first  layer  a  0.5  urn  thick  layer  of  poly¬ 
silicon  is  deposited,  doped,  and  covered  with 
an  850  A  thick  LPCVD  oxide  capping  layer.  The 
polysilicon  is  recrystallized  over  the  entire 
surface  with  the  help  of  an  argon  laser.  This 
is  necessary  in  order  to  avoid  excessive 
absorbtion  in  the  underlying  monocrystalline 
substrate.  The  laser  power,  beanwidth,  scan 
speed  and  substrate  temperature  are  12  V,  70 
urn,  3  cn/sec  and  500  °C  respectively.  Mod¬ 
ification  of  the  melt-zone  temperature  profile 
is  achieved  through  beam  forming  as  shown  in 
Figure  1.  Following  recrystallization  the 
silicon  layer  is  divided  into  individual  is- 


P  CHANNEL  M0SFET 


lands  to  allow  for  contacts  to  the  devices  in 
the  substrate  layer. 


Fig.  1:  Beam  form  of  the  argon  laser. 

P-channel  polysilicon  gate  MOS  transistors 
with  a  500  A  thick  gate  oxide  are  formed  in 
the  recrystallized  silicon  layer  using  a 
modified  standard  MOS  process.  A  substrate 
contact  for  the  devices  in  the  second  layer  is 
included  since  it  has  been  found  that  the 
characteristics  of  devices  with  a  floating 
substrate  are  different  than  those  at  a  fixed 
potential.  Additionally  the  fixed  substrate 
allows  for  minimization  of  coupling  effects 
between  the  two  layers. 

The  contact  window  opening  proceeds  using  a 
combined  dry /wet  etch  process  which  takes 
advantage  of  the  high  selectivity  of  wet 
chemical  etching  while  obtaining  low  levels  of 
lateral  underetching. 

B  THERMAL  OXIDE 
m  LPCVD  OXIDE 
E3  N+  DOPED  REGION 
BB  P+  DOPED  REGION 
^  ALUMINIUM 
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3.  RESULTS 

A  schematic  cross-section  of  a  30  device 
consisting  of  two  BOS  translator*  ia  shown  in 
figure  2.  A  SBf  photograph  of  the  corres¬ 
ponding  fabricated  structure  is  shorn  in 
Figure  3. 


Fig.  3:  sm  photo  of  a  30  device. 

is  stated  earlier  the  main  goal  of  this  in¬ 
vestigation  was  a  deternination  of  the  effect 
of  the  recrystallization  procedure  on  the  un¬ 
derlying  devices  in  the  nonocrystalline  sub¬ 
strate.  Characteristic  curves  typical  of  the 
BOS  devices  in  both  layers  are  shown  in  Fig¬ 
ures  4  and  S.  although  the  threshold  voltage 
of  the  n-channel  devices  is  slightly  negative 
this  nay  be  easily  conpensatcd  with  an 
appropriate  channel  iaplantation.  The  p-chan- 
nel  transistors  exhibit  a  relatively  high 
threshold  voltage  of  -12  Y  and  a  nobility  of 
roughly  140  cm* /Vs.  This  nay  be  attributed  to 
high  levels  of  surface  roughness  on  the 
boundary  layer  at  the  silicon/gate-oxide 
interface  as  has  been  seen  with  SSK 
investigation.  The  source  of  this  roughness 
nay  lie  in  the  low  scan  speed  used  during 
recrystallisation . 

The  measurements  show  that  the  recrystal- 
litation  process  has  a  United  effect  on  the 
parameters  of  the  devices  in  the  substrate 
layer.  Although  the  process  has  no  signifl- 


Vos(V) 


Fig.  5:  Typical  characteristic  curve  of  a 
p- channel  BOS  transistor. 


cant  effect  on  the  seen  values  of  the  thresh¬ 
old  voltage  and  nobility,  the  parameter  scat¬ 
tering  increases  by  roughly  $0%.  After  com¬ 
pletion  of  the  second  active  layer  the  nean 
parameter  values  have  shifted  as  well.  It  is 
possible  that  this  shift  is  caused  by  the 
resultant  mechanical  stress  between  the 
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THRESHOLDVOLTAGE  (V) 


MOBILITY  (cm2/Vs) 


Fig.  6:  Measurement  distribution  of  tbe 

n-channel  transistors  after  coapletion 
of  tba  first  layer. 


individual  layers.  Tbe  bistograas  shoeing 
tbese  effects  are  displayed  in  rigs.  6  and  7. 


4.  SUMMARY 

This  investigation  bas  shown  that  the 
fabrication  of  a  second  active  device  layer 
has  only  a  ninor  effect  on  the  characteristics 
of  tbe  devices  in  the  underlying  layer.  The 
process  presented  here  has  served  as  the  basis 
for  the  development  of  a  2  hi  design  rule  3D- 
CSOS  process. 
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rig.  7:  Measurement  distribution  of  the 

n-channel  transistors  after  completion 
of  the  second  layer. 
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VOLUME  INVERSION  IN  SOI  MOSFETs  WITH  DOUBLE  GATE  CONTROL: 

A  NEW  TRANSISTOR  OPERATION  WITH  GREATLY  ENHANCED  PERFORMANCE 
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Silicon-On-Insulator  transistors  are  used  with  a  double  gate  control  By  this  way,  a  fully  inverted  silicon  Him 
(interface  and  film  volume)  it  obtained.  This  method  allows  us  to  greatly  enhance  the  device  performance,  in 
particular  the  subtbreshold  swing,  transconductance  and  drain  current.  Simulated  and  experimental  characteristics 
on  SIMOX  structures  are  analysed  to  study  the  new  device. 


1.  INTRODUCTION 

Silicon-On-Insulator  materials  present  many  advantages 
compared  with  the  bulk  silicon  VLSI  technology:  lateral 
isolation,  lower  parasitic  capacitance  and  power,  higher  speed, 
reduced  short  channel  effects,  radiation  tolerance, ... 

In  this  communication,  the  special  multi-interface  confi¬ 
guration  of  SOI  structures  is  used  to  obtain  a  new  device  based 
on  volume  inversion.  The  theoretical  analysis  is  achieved  with  a 
‘home-made*  computer  program  (ISIS)  which  gives  the  solution 
of  the  Poisson  equation  in  multilayer  structures  [1],  and  the 
experiment  is  carried  out  on  SIMOX  devices. 

2.  SIMULATION 

The  physical  principle  of  the  device  is  shown  in  Fig.1. 
Surface  inversion  channels  can  be  activated  either  at  the  top 
interface  or  at  the  back  interface  using  the  normal  gale  Vq1  or 
the  secondary  gate  (bulk  Si  substrate)  respectively.  We 
choose  to  simultaneously  bias  both  gates  (V<J*  "  K  Vq1), 
where  the  coefficient  K  accounts  for  the  differences  in  thickness 
and  threshold  voltage  between  gate  oxide  and  buried  oxide  (K  a 
10). 

If  the  film  is  thick  or  highly  doped,  there  is  no  overlap  of  the 
two  depletion  regions  and  the  inversion  channels  grow  almost 
independently.  For  example  in  Fig.  la,  the  film  is  slightly 
depleted  for  Vq4  -  2V  and  only  a  low  coupling  appears 
between  the  two  conducting  channels. 

A  different  behaviour  (Fig.  lb),  caused  by  the  coupling  of 
the  two  interfaces,  occurs  in  films  with  normal  thickness  (<  0.2 
pm)  and  low  doping  (a  few  Iff1*  cm'*).  For  Vq4  -  -1  V,  the 


whole  silicon  film  is  in  accumulation.  For  higher  Vq7,  the 
potential  increases  at  the  interfaces  and  in  the  film  volume,  from 
depletion  to  weak  and  strong  inversion.  For  Vq1  >  0.6  V,  the 

potential  shift  exceeds  2*p  in  every  regions  and  all  the  film  is  in 
strong  inversion.  We  propose  to  call  this  new  device  the  ‘volume- 
inversion  MOSFET  (VI-MOSFET). 


Figure  1 

Potential  profiles  inside  the  silicon  film  for  uncoupled  (a  :  doping 
Nt  -  4.101*  cm'*,  film  thickness  tgi  “  300  nm)  and  coupled  (b 
:  Nt  ■  3.101*  cm'*,  tgj  -  100  nm)  interfaces.  (27  nm  and  380 
nm  thick  oxides). 
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The  behaviour  of  the  Vl-MOSFET  is  governed  by  minority 
carriers,  which  now  are  no  longer  confined  at  an  interface.  There 
are  significant  advantages:  greatly  increased  number  of  minority 
carriers,  reduced  influence  of  surface  scattering  and  interface 
defects,  use  of  the  volume  which  is  much  thicker  than  a  surface 
inversion  layer  and  has  higher  carrier  mobility.  These  special 
features  lead  to  a  great  improvement  in  current  value, 
subthreshold  slope,  transconductance  and  speed. 

In  Fig.2  are  compared  the  current-voltage  characteristics  of 
an  N-channel  VI-MOSFET  (K  -  10)  with  those  of  a  normally 
operated  MOSFET  (K  =  0,  i.e.  inversion  layer  at  the  top  surface 
only).  The  current  and  transconductance  variation  versus  Vq  are 
calculated  using  a  mobility  profile  suggested  by  transport 
measurements  [2]  :  1200  cm2/Vs  in  the  center  of  the  film,  500 
cmz/Vs  at  the  front  interface  and  400  cmz/Vs  at  the  back 
interface. 

The  subthrcshold  swing  (Fig. 2a)  of  the  VI-MOSFET  (29 
mV/decade,  curve  1)  is  excellent,  compared  with  66 
mV/decade  for  the  normally  operated  MOSFET  (curve  2),  and 
clearly  goes  far  below  the  theoretical  limit  of  the  normal 
MOSFET  («60  mV/decade). 

In  strong  inversion  (Fig.2a)  the  current  of  the  VI-MOSFET 
(curve  1)  exceeds  by  a  factor  3  at  V(;1  -  1.2  V  that  of  the 
normal  MOSFET  (curve  2).  This  is  due  to  (i)  the  increase  in  the 
total  number  of  carriers,  (ii)  the  improvement  of  the 
subthreshold  swing  and  (iii)  the  transconductance  overshoot  of 
the  Vl-MOSFET  (Fig.2b,  curve  1).  Indeed,  the  transconductance 
is  clearly  enhanced  for  K  =  10  (curve  1)  in  comparison  with 
K -0  (curve  2).  The  maximum  field  effect  mobility  (1050 
cmz/Vs),  corresponding  to  the  transconductance  maximum,  is 
dose  to  the  carrier  mobility  in  the  film  volume. 

The  comparison  with  a  linear  variation  of  carrier  mobility 
(without  peak  mobility  in  the  film  center)  between  the  two 
interfaces  (curve  3  :  K- 10  and  curve  4  :  K-0),  emphasizes  the 
importance  of  the  volume  mobility.  It  is  interesting  to  note  that 
even  for  K  -0  (curve.  2  and  4)  the  mobility  profile  is  important, 
since  a  volume  inversion  still  exists  in  a  narrow  region  close  to 
the  front  surface. 
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Future  2 

Simulated  I-V  characteristics  (a)  and  transconductance  (b)  for  K 
-  10  (curve  1)  and  K  -  0  (curve  2),  for  the  device  of  Fig.lb  and  a 
bell  shaped  mobility  profile.  The  curves  3  (K  -  10)  and  4  (K  = 
0)  are  obtained  with  a  linear  mobility  profile.  For  the  sake  of 
simplicity,  the  mobilities  are  supposed  to  not  depend  on  Vq. 


Fig.  3  shows  the  current-voltage  characteristics  of  N-type 
depletion  mode  transistor.  The  drain  current  and  the 
transconductance  are  compared  for  the  normally  operated 
MOSFET  (K-0)  and  for  the  MOSFET  with  volume- 
accumulation  (VA-MOSFET)  with  K-10.  Volume  accumu¬ 
lation  is  more  easy  to  obtain  than  volume  inversion,  because  it  is 
a  "natural"  behaviour  of  the  silicon  film  for  a  normal  transistor  in 
fiat  band  situation.  Therefore,  the  gains  are  slightly  lower  for  the 
VA-MOSFET  than  for  the  Vl-MOSFET.  Nevertheless,  the  use 
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3.  EXPERIMENTS 


of  a  double  gate  control  greatly  improves  the  important  device 
parameters.  Indeed,  we  can  observe  in  Fig3  a  decrease  of  the 
subthreshold  swing  (67  mV/d ec  for  K  =  0  (curve  2)  and  34 
mV/dec  for  K  =  10  (curve  1)),  an  increase  of  the  trans¬ 
conductance  (90  %)  and  current  value  (75  %)  for  the  VA- 
MOSFET. 


Figure  3 

Simulated  I-V  characteristics  (a)  and  transconductance  (b)  for  K 
-  10  (curve  1)  and  K  -  0  (curve  2)  for  a  depletion  mode 
transistor  with  the  same  technological  parameters  than  in  Fig.  lb 
(doping  t  Nj  “  3.1015  cm'3). 


Ail  these  optimistic  expectations  are  indeed  verified. 
Experimental  evidence  has  been  obtained  with  P-cbannel 
MOSFETs  fabricated  with  standard  technology  on  a  low-doped 
SIMOX  substrate  (dose  lArlO1*  0+/cm3,  energy  200  keV, 
annealing  above  1300*C).  The  thicknesses  are  about  200nm  for 
the  film,  27  nm  for  the  gate  oxide  and  380  nm  for  the  hurried 
oxide.  The  characteristics  of  0.8  Hm  long  transistors  are  given. 
Fig.4  a  and  b  clearly  show  the  great  gains  in  subthreshold  swing 
(70  mV/decade  for  K  =  0  (curve  1)  and  29.5  mV/decade  for 
K  =  10  (curve  2)),  transconductance  (80%)  and  current  value 
which  increases  by  a  factor  2.8  at  =  -2  V,  by  using  a  double 
gate  control.  The  leakage  currents  of  the  Vl-MOSFET  is  very 
low  because  carrier  accumulation  occurs  simultaneously  at  both 
interfaces.  Similar  improvements  have  been  obtained  on  N- 
channel  devices. 

The  enhancements  for  the  case  of  depletion  mode 
transistors  with  volume  accumulation  are  the  same  than  those  of 
the  simulated  characteristics. 


D  -1  -2 
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Figure  4 

Experimental  I-V  characteristics  (a)  and  transconductance  (b) 
for  a  P-channel  transistor  made  on  SIMOX. 
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For  practical  applications  of  Vl-MOSFETi  (or  VA- 
MOSFETs),  to  overcome  the  limitation  due  to  the  ose  of  the 
substrate  as  a  unique  secondary  gate,  the  doable  SIMOX 
structure  obtained  by  two  oxygen  implants  [3]  can  be  proposed 
(see  insert  of  Fig.4b).  By  this  way,  a  silicon  layer,  lying  between 
the  two  burned  oxides,  is  formed  and  acts  indeed  as  a  gate. 
Segregation  of  the  secondary  gates  of  various  VJ-MOSFETs  is 
made  by  oxidizing  the  unuseful  portion  of  this  film  (by  simple 
adjustement  of  the  oxygen  implantation)  or  by  etching. 

On  the  other  hand,  to  decrease  the  voltages  applied  on  the 
back  gate,  the  difference  in  thickness  between  the  gate  and 
burned  oxide  can  be  reduced.  An  other  solution  is  to  scale  down 
the  biases  of  VLSI  circuits. 

4.  CONCLUSION 

In  conclusion,  the  transistor  performances  have  been 
improved  using  the  new  principle  of  double  gate  control  of  VI- 
MOSFETs  or  VA-MOSFETs.  The  experimental  enhancements 
(current,  transconductance  and  subthreshold  swing  gains)  are  in 
agreement  with  our  theoretical  calculations. 
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This  paper  presents  a  high  performance  Complementary  Buried  Channel  PET 
device  isolated  by  high  quality  silicon  dioxide  layer  using  Silioon  wa¬ 
fer  Direct  Bonding  technology  (SDB/CBCFET).  The  structure  and  operational 
principle  of  this  device  is  discussed.  The  properties  of  an  improved  SDB 
prooees  is  investigated.  By  means  of  2D  numerical  simulation,  effeots  of 
interface  charge  density  of  bonding  intsrfaoe  and  SOI  layer-3102  inter¬ 
face  on  threshold  voltage  and  the  threshold  voltage  shift  in  submioron 
geometry  are  analysed,  nee  performance  of  submioron  SDB/CBCFET  device 
and  circuits  is  evaluated.  The  results  indicate  that  SDB/CBCFET  device 
is  superior  to  bulk  CMOS  and  SOI/CMOS  in  speed,  switching  energy,  com¬ 
plexity,  reliability  and  small  else  effects  as  device  sixe  decreases 


into  submioron  dimension. 

1.  INTRODUCTION 

The  dominant  technology  used  in  mo¬ 
dern  VLSI  digital  system  is  bulk  CMOS. 

The  development  of  bulk  CMOS  has  been 
supported  primarily  by  rapidly  decrea¬ 
sing  feature  sixe  in  the  oircuits.  How¬ 
ever,  as  bulk  CMOS  technology  advances 
into  submioron  dimension,  several  limi¬ 
tations  have  become  apparent!  complex 
prooess  sequences,  significant  short 
channel  effeots  and  serious  interaction 
between  neiboring  devices.  These  nega- 
tive  effeots  have  limited  CMOS  to  im¬ 
prove  its  performance  by  further  soal- 
ling.  Silioon-On-Inaulator  CMOS  tech¬ 
nique  offers  an  attractive  alternative 
by  providing  almpl e  device  fabrication 
sequences,  improved  short  ohannel  effeots 
and  no  latch  up  problems.  However,  the 
poor  quality  of  SOI  substrate  by  conven¬ 
tional  techniques  such  as  SIMOX,  laser 
anealling  etc.  and  SOI  versions  of  cor¬ 
responding  bulk  CMOS  device  have  limited 
better  use  of  SOI  potential  advantages. 
Moreover,  the  negative  effeots  of  CMOS 
device  can  not  be  effectively  suppressed. 
In  reoent  report  (1),  we  Investigated  a 
high  quality  SOI  substrate  technology 


( SDB)  which  shows  that  the  quality  of 
SOI  layer  and  the  underlying  3102  layer 
is  not  degraded  from  its  original  "bulk" 
quality.  Based  on  the  characteristics 
of  this  technology,  we  propose  a  new 
complementary  buried  channel  device 
which  has  higher  bulk  mobility,  much 
smaller  short  ohannel  effeots  and  high¬ 
er  performance  than  bulk  CMOS  and 
SOI/CMOS. 

In  this  paper,  the  structure  and 
operational  principle  of  SDB/CBCFET  is 
described,  its  small  sixe  effeots  and 
its  devioe/olrouits  performance  are 
disoussed  by  means  of  2D  numerical 
simulation  and  analysis  models, 

2.  DEVICE  STRUCTURE 

SDB/CBCPET  is  characterised  as  a  com¬ 
pound  structure  of  MESPBT  and  MOSPBT 
(see  Pig.l).  In  its  lateral  direction, 
SDB/CBCPET  has  the  same  doping  type  for 
source,  gate  and  drain  which  is  similar 
to  MESPBT,  while  in  its  vertieal  direc¬ 
tion,  SDB/CBCPET  employes  poly-Si  and 
S102  layer  as  its  gate  which  is  identi¬ 
cal  to  that  of  MOSPET.  By  adjusting 
doping  concentration  of  both  poly-Si 
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gat*  and  ohannel  region*  as  wall  aa  »•- 
laeting  proper  3102  thickness*  the  p 
ohannal  and  th*  n  ohannal  darioa  ean  both 
b*  bald  in  deep  depletion  at  aero  gate 
bias  and  normally  off  eharaoteristies 
both  for  n  ohannal  and  p  ohannal  da rise 
oan  b*  obtained.  Therefore,  an  n  ohannal 
darioa  and  a  p  ohannal  darioa  of  this 
typo  structure  oan  fora  a  basis  oompla- 
aentary  inrartar. ( so*  Fig. 

2.1.  Properties  of  SIS  Substrata 

An  SOB  taohnology  has  been  daralopad. 
The  bonding  prooess  adopted  in  our  work 
inrolros  th*  following  main  process  se¬ 
quences  t  the  two  airror  polished  wafers 
oxided  in  wet  oxyen,  the  wafers  treated 
in  aoid  solution*  the  wafers  oontaoted 
faoe  to  fao*  put  into  a  >2  aabisnt  at 
1050C*for  about  1  hour  forming  the  SOI 
subatrate.  The  aiorostruotur*  and  eleo- 
trioal  properties  of  the  SOI  substrate 
using  this  SDB  taohnology  hare  been  ax- 
tenairely  studied  by  TBM  and  DOTS  analy¬ 
sis.  The  expert aont  results  show  that 
dislooations  are  oonoentrated  on  the  baok 
side  of  th*  substrata  and  no  additional 
defeots  hare  been  dereloped  within  80ua 
froa  Si 02- Si 02  bonding  area.  Therefore 
the  interfao*  oharge  density  between  SOI 
layer  and  underlying  Si 02  is  no  nor*  than 
th*  interfao*  oharge  density  between  eou- 
rentional  bulk  silioon  and  theraal  oxida¬ 
tion  layer.  Both  hole  and  eleotron  nobi¬ 
lities  are  measured  using  Van  Der  Paw  me¬ 
thod.  Th*  results  show  that  hole  and  ele¬ 
otron  aobillty  of  the  SOI  substrate  are 
3690a  /re  and  1079oa  /re  respeotirely 
whioh  ia  almost  identical  to  that  in  ori¬ 
ginal  bulk  silioon.  Sinoe  th*  quality  of 
SOI  substrate  by  SIS  taohnology  is  not 
degraded  froa  its  original  "bulk"  silioon 
quality*  this  SOI  substrate  is  rery  sui¬ 
table  for  CBCFET  derloe  atruotur*. 

2.2*  Features  of  CBCFET 

In  oontrast  to  oonrentional  CMOS*  SDB/ 


M  3102  EH3  Poly-Si 


bonding 

interfao* 


Fig.l  <  Crosa-Seotional  riew  of  3DB/CBC 
PET  oonfi guratl on 

CBCFET  has  no  p-n  June ti one  at  aouroe 
and  drain  region.  Thus*  a  significant 
reduotion  of  saall  sis*  effeeta  is  aohie- 
red  resulting  in  auoh  less  threshold  vol¬ 
tage  shift*  improved  punohthrough  resis¬ 
tance*  and  higher  perforaano*. 

Channel  carrier  aobillty  in  SDB/CBCFET 
is  high  due  to  its  buried  channel  nature. 
Furthermore*  the  low  channel  doping  oon- 
oentratlon  and  the  low  threshold  roltage 
is  responsible  for  high  apeed  and  low 
power  aonaumption  of  SDB/CBCFET  due  to 
its  low  logioal  voltage  swing*  low  sup¬ 
ply  voltage  and  high  bulk  aobillty. 

3.  DEVICE  CHARACTERISTICS 

The  2D  nuaerioal  simulation  results 
show  that  the  interfao*  characteristics 
of  SOI  layer-underlying  3102  interfao* 
deeply  affeot  device  properties.  If  the 
interface  oharge  density  is  large  and 
th*  thiokness  of  SOI  layer  is  thin*  for 
the  n  ohannel  device,  noraally-off  oper¬ 
ation  ohanges  into  noraally-on  operation 
and  for  th*  p  ohannel  devioe*  it  is  in 
deep  depletion  status  whioh  inoreases 
its  threshold  voltage  greatly.  Flg.2A 
shows  threshold  voltage  vs.  SOI  layer¬ 
underlying  3102  interfao*  oharge  density 
for  n  ohannel  devioe  with  various  SOI 
layer  thiokness.  Flg.2B  shows  th*  rela¬ 
tion  between  n  channel  threshold  voltage 
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I HT  SR  FACE  CHARGE  DENSmfMi1) 
Fig.  2 

I  channel  threshold  voltage  shift  vs. 
interface  charge  density  with  0.5un  chan¬ 
nel  length,  0.78V  flat  band  voltage  and 

IV  supply  voltage  for  At  SOI  layer-under¬ 
lying  S102  interface  with  various  SOI 
thickness,  Bt  3102-3102  bonding  interface 
with  various  3102  thickness. 

and  bonding  interface  charge  density  for 
various  underlying  3i02  layer  thioknesa. 
From  Flg.2B  we  can  conclude  that  as  long 

as  the  thickness  of  underlying  3i02  is 
larger  than  0.5un,  the  bonding  interface 
charge  density  will  almost  not  affeot  the 
threahold  voltage  of  3DB/CBCPST. 

Fig. 3A&B  shows  2D  doping  concentration 
distrabution  of  n  channel  devioe  (at  0.3 

V  threshold  voltage)  and  p  channel  device 
(at  -0.3V  threshold  voltage).  It  is  found 
that  both  devioes  show  normally-off  oper¬ 
ation  and  small  punchthrough  ef foots. 

Threshold  voltage  shift  as  a  function 
of  effeotive  channel  length  for  n  chan¬ 
nel  devioe  is  shown  in  Fig. 4.  The  amount 
of  threshold  voltags  shift  of  3DB/CBCFBT 
determined  by  2D  numerical  simulation  is 
compared  with  that  of  bulk  CMOS  and  that 
of  8OI/0H0S  (2).  It  is  shown  that  for  the 
submioron  device,  the  threshold  voltage 


Fig. 3  t  2D  doping  concentration  distra¬ 
bution  of  n  channel  devioe  (at  o.3V  thre¬ 
shold  voltage)  (A)  and  p  channel  devioe 
(at  -0.3V  threahold  voltage)  (B)  with  0.5 
un  channel  length,  0.78V  fiat  band  vol- 
tags,  5x10  onlnterfaoe  charge  density  and 
1.0V  supply  voltage. 
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Fig. 4  <  Threahold  voltage  shift  of  n 
ohannsl  device  vs.  channel  length,  with 
0.78V  flat  band  voltage,  5xlO*Winterfaoe 
charge  density  and  1.0V  supply  voltage. 


shift  of  n  channel  devioe  of  SDB/CBOFET 
is  much  smaller  than  that  of  CMOS  devioe 
structure.  The  2D  numerical  analysis  ex¬ 
plains  the  physioal  origin  of  the  dif¬ 
ference  between  bulk  CMOS,  SOI /CMOS  and 
SDB/CBCFBT.  For  3DB/CBCFST ,  absence  of 


.0  0.2  0.4  0.0  2  4  6 


CHARNEL  LENGTH  (un) 


TABUS  1 


L 

d 

Id 

un/up 

vtn/vtp 

Vd 

T  B 

(un) 

(un) 

(on*4  ) 

(on'/vs) 

(v) 

(v) 

(ps)  (fj) 

Bulk  CMOS 

0.65 

5 

1x10“ 

453/212 

0.7/-0.5 

5 

460  >  100 

SOI/CMOS 

0.8 

0.5 

1x10* 

680/280 

0.4/-0.4 

5 

93  >  50 

SDB/CBCPBT 

0.5 

0.3 

1x10* 

1079/369 

0.3/-0.3 

1 

5.5  3.96 

Where  Li  channel  lengths  di  thickness  of  ai  layers  Ids  doping  aonoantration  of 
aotive  rogioni  uniup:  nobility  of  n  ohannol  A  p  ohannol  devices  VtnAVtp i  thre- 
ahold  voltage  of  n  ohannol  A  p  obannol  doviooi  Vdt  aupply  voltago s  T«  dolay  tine 
pop  goto  of  ring  ooillatort  Bi  switohing  energy. 


p-n  junotion  at  aouroo  and  drain,  avail 
ohannol  doplotion  ohargo  duo  to  low  ohan¬ 
nol  doping  and  thin  SOI  layor  oontributo 
to  nuoh  loaa  thro ahold  voltage  ahift. 

4.  CIRCUIT  PBRPORMABCB 

In  ordor  to  ahow  tho  important  ohara- 
otoriatioa  of  3DB/CBCF8T  dovioo  and  oir- 
ouita,  no  haw*  doaignod  a  ring  oaillator 
oanposed  of  SDB/CBCPBT  dovioo,  opt ini sod 
deaign  parameters  and  ovaluatad  ring  oai¬ 
llator  porfonaanoo  (aoo  Table  1).  Tho  re- 
aulta  indioato  that  tho  SDB/CBCPBT  ia  au- 
porior  to  bulk  CMOS  (3)  and  SOI/CMOS  (4) 
in  spaed,  switohing  onorgy  and  power  dia- 
aipation  aa  dovioo  aixo  advanoea  into 
aubnioron  diaionaion. 

5.  COICLUSIOB 

A  now  high  porfonaanoo  ooapleaientary 
burled  ohannol  dovioo  iaolatod  by  high 
quality  3102  layor  uaing  SUB  toobnology 
hao  boon  prevented*  Tho  oharaotoriatloa 
of  the  dovioo  and  perforaMnoe  of  tho  oir- 
ouita  havo  boon  evaluated.  Following 
roaulta  are  obtained i  1)  aiaple  proooaa 
aoquonooa,  high  oarrier  nobility  and 
naall  lntorfaoo  ohargo  denaity  of  SOI 
layor  by  SDB  technology,  2)  anall  thre¬ 
shold  voltago  shift  for  both  n  ohannol 
and  p  ohannol  dovioo,  3)  high  speed,  low 
power,  high  reliability  and  oonp laxity 
of  this  ooag>lomntary  dovioo.  Tho  results 


indioato  that  SDB/CBCPBT  is  a  potential 
candidate  for  very  high  perfomanoe  VLSI 
digital  systen. 
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An  accurate  three-dimensional  simulation  program  for  MOSFET  devices  has  been  de¬ 
veloped  by  extending  MINIMOS  (vers.  4)  in  3D.  The  physical  model  is  based  on  the  ’hot- 
electron-transport  model’,  which  includes  the  Poisson  equation,  the  continuity  equations 
and  a  setfconsistent  set  of  equations  for  the  currents,  mobilities  and  carrier  temperatures. 
The  standard  finite  difference  discretization  and  the  SOR  (successive  over  relaxation) 
method  are  utilized  to  reduce  computational  time  and  memory  requirements.  Adaptive 
grid  refinement  is  used  to  equidistribute  the  discretization  errors.  Three-dimensional 
effects  like  threshold  shift  for  small  channel  devices,  channel  narrowing  and  the  accumu¬ 
lation  of  carriers  at  the  channel  edge  have  been  successfully  modeled.  Our  comparison  of 
several  MOSFET’s  make  clear  that  three-dimensional  calculations  are  most  important 
for  accurate  device  modeling. 


1  Introduction 

The  shrinking  dimensions  of  the  elements  of  IC’s 
require  for  accurate  simulation  suitable  device  models 
in  physics  and  mathematics.  The  two-dimensional  de¬ 
vice  simulations  performed  in  earlier  times  described 
the  electrical  characteristics  for  large  transistors  well 
but  the  advanced  VLSI  technology  led  to  serious  prob¬ 
lems  in  modeling  such  devices  and  therefore  a  great 
demand  appeared  for  3D  simulations. 

The  three-dimensional  effects  in  MOSFETs  like  the 
increasing  threshold  voltage  and  the  shift  of  the  break¬ 
down  voltage  caused  by  the  finite  channel  width  are 
not  taken  into  account  by  the  two-dimensional  simu¬ 
lations  (lj;  the  2D  programs  are  meanwhile  state  of  the 
art.  Accurate  investigations  of  the  previously  stated 
effects  and  the  knowledge  of  increased  current  densities 
under  certain  bias  conditions  at  the  channel  edge  are 
important  not  only  for  studying  the  electrical  device 
characteristics  but  also  for  aging  effects  (2|-(3j.  There¬ 
fore  we  have  extended  the  two-dimensional  MINIMOS 
to  a  three-dimensional  simulation  program.  A  realistic 
physical  model  and  suitable  mathematical  algorithms 
have  been  developed  to  simulate  the  previously  stated 
three-dimensional  effects. 

We  shall  report  in  Chapter  2  about  the  physics  and 


the  mathematics  on  which  the  simulations  are  based. 

The  results  of  our  simulations  carried  out  by 
3D  MINIMOS  are  reported  in  Chapter  3  and  will  be 
discussed  there,  too.  We  shall  show  that  the  three- 
dimensional  simulations  are  indispensable  for  the  ad¬ 
vance  from  VLSI-  to  ULSI  technology. 

2  The  Physical  Model  and  the 
Mathematical  Algorithms  for 
the  Three-Dimensional  Sim¬ 
ulation 

The  physical  model  for  the  simulation  program  is 
given  by  the  Poisson  and  the  continuity  equations  and 
the  drift-diffusions  model  for  the  carrier  current  den¬ 


sities. 

div  grad  ip  =  ^(n  -  p  -  C)  (1) 

div  Jn  =  qR  (2) 

div  Jp  =  -qR  (3) 

Jn  ~  grad  -  grad  (l/t„n))  (4) 

Jp  =  -<?Mp(p  9Tad  +  9rad  (ut,.p))  (5) 


The  Poisson  equation  (1)  will  always  be  solved  fully 
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three-dimens  tonally;  the  continuity  equations  (2)  and 
(3)  at  the  first  level  of  sophistication  are  solved  two- 
dimensionaily  in  the  middle  of  the  channel  width.  The 
carrier  distribution  in  the  whole  volume  will  be  calcu¬ 
lated  by  the  assumption  of  negligible  current  flow  in 
the  third  direction  Jn,  -  Jp,  -  0.  Assuming  the  va¬ 
lidity  of  Boltzmann  statistics  the  previous  statement 
is  equal  to  constant  quasi  Fermi  levels  in  the  direction 
of  the  channel  width 

fyn  _  _Q 
dz  dz 

So  we  can  write 

«*,!/,*  =  »x,*J  ■  exP(~ ^  ~  V>x,y,*))  (6) 

Pz,y,z  =  Px,V,f  *  exP(+Jjt  ■  (V's.v.f  ~  0*.y,*))  ( 7 ) 

The  index  Ijf  denotes  the  middle  of  the  channel  width. 

The  second  level  of  sophistication  is  obtained  by  as¬ 
suming  negligible  current  flow  in  the  third  dimension 
for  the  majorities  and  solving  the  continuity  equation 
for  the  minorities  fully  threedimensionally. 

The  third  level  is  the  fully  three-dimensional  solu¬ 
tion  of  the  continuity  equations  for  both  the  minorities 
and  the  majorities. 

For  solving  the  previously  specified  set  of  equa¬ 
tions  we  apply  for  discretization  the  standard  finite 
difference  method.  The  grid  generation  will  be  per¬ 
formed  by  an  automatic  mesh  refinement  algorithm 
which  equidistributes  the  discretisation  error. 

The  linearized  equations  are  essentially  solved  with 
an  iterative  algorithm.  In  our  case  we  apply  the  SOR 
(Successive  Over  relaxation  )  method.  The  general 
iterative  algorithm: 

B  ■  *<n+1)  =  {B  -  A)  ■  z<">  +  b 

is  solved  with  the  matrix  B  =  (±-D-L).  D  is  the  diag¬ 
onal  part  of  A  which  is  transformed  to  the  unity  matrix 
while  L  is  the  lower  triangular  part  of  A.  With  respect 
to  the  special  linearization  method  one  unknown  re¬ 
duces  to: 


in  which  i  =  1...NX  ■  NY  ■  NZ  (  NX  points  in 
x— direction,  NY  points  in  y-direction  and  NZ  points 
in  z-direction). 

The  advantage  of  this  method  is  given  by  the  small 
amount  of  memory  requirement,  precondition  work 
and  relatively  fast  convergency.as  well.  Through  an 
adaptive  determination  algorithm  for  the  optimum  re¬ 
laxation  factor  >jJ  we  use  only  a  moderate  amount  of 
CPU  time  (5).  The  system  of  the  coupled  nonlinear 
difference  equations  are  solved  with  Gummel’s  itera¬ 
tive  method. 


3  The  Numerical  Results  and 
Discussion 

With  the  previously  given  physical  model  a  three- 
dimensional  MOSFET  simulation  program  has  been 
developed.  We  have  investigated  several  MOSFETs 
with  this  program,  two  of  the  investigated  devices  are 
presented  in  comparison  and  the  results  discussed. 

Both  investigated  devices  are  of  the  same  geomet¬ 
rical  shape  and  dimensions  (Fig.  1  and  Fig.  2)  except 
the  channel  lengths  which  are  5/ um  and  I fim  for  of 
device  1  and  2,respectively.  The  channel  widths  are 
lfim  ,the  gate  oxide  thickness  15nm,  the  substrate 
doping  2  •  101® em~3  and  the  source/drain  doping  1 .69  ■ 
102°em-3.  In  Fig.  1  and  Fig.  2  the  field  oxide  which 
limites  the  channel  in  the  third  dimension,  can  be  seen 
at  the  backside  of  the  MOS  model.  The  contacts  of 
source  and  drain  which  are  left  and  right  in  the  figures 
1  and  2,  extend  over  the  channel  width,  whereas  the 
gate  contact  covers  the  channel  and  the  field  oxide. 
The  shape  of  the  field  oxide  in  our  case  is  approxi¬ 
mated  by  a  rectangular  geometry. 

The  potential  distribution  at  the  bias  condition 
U ps  =  2.0V,  Ugg  =  0.0V  and  Uqs  —  3.0V  can  be 
seen  in  Fig.  3  and  Fig.  4.  The  threshold  voltages 
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Fig.l:  Perspective  view  of  the  three-dimensional  MOS- 
FET  structure  with  channel  length  of  5 pm  and 
channel  width  of  1pm. 
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Fig-2:  Perspective  view  of  the  three-dimensional  MOS- 
FET  structure  with  channel  length  of  1pm  and 
channel  width  of  1pm. 
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Fig.3:  3D-plot  showing  a  detailed  view  of  the  surface 
potential  at  the  channel  edge  along  the  channel 
length  for  device  1  at  bias  Ups  —  2.0V,  Vgg  = 
0.0  V,UGS  =  3.0V. 
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Fig.5:  3D-plot  showing  a  detailed  view  of  the  minority 
density  at  the  channel  edge  along  the  channel 
length  for  device  1  at  bias  Upg  —  2.0V,  Ugg  — 
0.0V,l/O5  =  3.0V. 


Fig.4:  3D-plot  showing  a  detailed  view  of  the  surface 
potential  at  the  channel  edge  along  the  channel 
length  for  device  2  at  bias  Ups  =■  2.0V,  Ups  — 
0.0 V,UGS  -  3.0V. 
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Fig.6:  3D-plot  showing  a  detailed  view  of  the  minority 
density  at  the  channel  edge  along  the  channel 
length  for  device  2  at  bias  Upg  ~  2.0V,  Ugg  - 
0.0V,  Uas  =  3.0V. 


are  l/t*  =  0.74V  and  Uth  =  0.62V  for  device  1  and 
2,  respectively.  That  means  that  we  are  far  above 
threshold.  Note  the  strong  increase  of  the  potential  in 
the  field  oxide.  The  minority  (electron)  distributions 
(Fig.  5  and  Fig.  6),  show  a  very  interesting  effect.  The 
carrier  densities  in  the  short  channel  MOSFET  (device 
2)  is  much  higher  compared  to  that  of  the  long  channel 
MOSFET  (device  1).  The  accumulation  of  the  minori¬ 
ties  at  the  channel  edge  at  the  given  bias  condition  is 
based  on  the  limitation  of  the  channel  width  and  the 
high  potential  in  the  oxide  region.  In  the  subthresh¬ 
old  region  this  effect  will  change  into  its  opposite.  The 
currents  calculated  by  two-dimensional  simulations  at 
the  previously  described  bias  conditions  will  be  much 
smaller  compared  to  that  of  three-dimensional  simu¬ 
lations.  These  effects  increase  with  shrinking  device 
dimensions.  Both  short  and  small  channel  devices  will 
be  very  sensitive  on  geometrical  changes  in  respect  to 
their  electrical  characteristics.  Especially  we  expect 
that  the  increase  of  minorities  at  the  channel  edge  in¬ 
fluences  the  reliability  and  safety  of  devices. 

Not  only  the  previously  discussed  effects  but  also 
other  three-dimensional  effects  like  the  shift  of  the 
threshold  voltage  and  the  increased  breakdown  volt¬ 
age  at  small  channel  MOSFETs  have  been  simulated 
with  our  program.  All  these  effects  are  known  from 
theory  and  from  practical  measurement  but  not  satis¬ 
factorily  modeled  until  now. 
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Abstract 

Id  this  paper  we  illustrate  the  main  features  of  a  general-purpose  three-dimensional  device- 
analysis  program,  HFIELDS-3D,  developed  at  the  University  of  Bologna  in  the  context 
of  an  EEC-supported  ESPRIT  Project.  The  program  employs  triangular-based  prismatic 
elements,  which  provide  a  reasonable  compromise  between  simplicity  and  flexibility,  but  it 
is  not  otherwise  limited  to  any  specific  device  structure.  In  the  present  implementation,  the 
program  handles  Poisson  and  one-carrier  continuity  equation,  which  allows  for  the  simulation 
of  unipolar  devices.  As  an  example,  a  typical  3-D  problem,  the  narrow-width  effect,  is 
investigated  using  a  realistic  device  structure  fully  accounting  for  the  typical  bird’s  beak. 
It  is  shown  that  not  only  the  threshold  voltage,  but  also  the  gain  factor,  and  therefore  the 
device  transconductance,  are  affected  by  the  narrow-width  effect. 


1.  Introduction 

Numerical  simulation  of  semiconductor  devices  in 
two  dimensions  is  nowadays  a  well-established  tech¬ 
nique  for  the  design  of  advanced  electronic  components 
and  processes.  As  device  miniaturisation  progresses  to¬ 
ward  submicron  feature  sises,  however,  3-D  effects  are 
getting  more  and  more  important  even  for  nominally- 
standard  planar  devices,  thus  making  two-dimensional 
simulation  codes  inadequate  for  predicting  device  per¬ 
formance.  In  addition,  increasingly  complex  device  ge¬ 
ometries  are  being  devised,  such  as  the  buried-electrode 
dynamic  RAM  cell,  currently  used  in  high-capacity 
memory  devices,  the  floating-gate  EPROM  cell,  and 
the  IJL  NOR  gate,  which  are  inherently  three  dimen¬ 
sional.  All  the  above  devices  can  only  be  simulated  by 
means  of  3-D  device-analysis  programs. 

Most  of  the  activity  reported  so  far  in  this  field  has 
been  performed  in  Japan  [1-3]  and,  to  a  lesser  extent, 
in  the  United  States  [4j.  In  this  paper  we  illustrate  the 
main  features  of  a  general-purpoee  three-dimensional 
code,  HFIELDS-3D,  developed  at  the  University  of 
Bologna  in  the  context  of  an  EEC-supported  ESPRIT 
Project,  and  show  how  such  a  code  can  be  profitably 
used  to  investigate  a  classical  three-dimensional  prob¬ 
lem,  i.e.  the  narrow-width  effect  in  MOSFET’s. 

The  program  employs  triangular-based  prismatic 
elements,  which  allow  for  a  reasonable  compromise  be¬ 
tween  geometrical  flexibility  and  simplicity  of  imple¬ 
mentation,  but  it  is  by  no  means  restricted  to  any  spe¬ 
cific  device  structure.  In  the  present  stage  of  develop¬ 
ment,  only  Poisson  and  one  carrier-continuity  equation 
are  solved,  thus  making  the  program  suitable  for  the 
simulation  of  unipolar  devices. 

The  next  section  discusses  the  fundamental  choices 


of  the  present  project,  and  provides  some  details  on  the 
software  implementation  of  the  program.  Numerical 
results  are  illustrated  in  section  3  and  conclusions  are 
drawn  in  section  4. 

2.  Features  of  the  program 

HFIELDS-3D  allows  up  to  ten  semiconductor  and 
insulator  regions,  which  can  be  either  simply  or  multi¬ 
ply  connected.  An  equal  number  of  insulator-semicon¬ 
ductor  interfaces,  ohmic  contacts,  gates  and  floating 
gates  are  allowed.  Thus,  rather  complex  device  struc¬ 
tures  can  be  accommodated  by  the  program. 

As  already  anticipated,  HFIELDS-3D  employs  a 
triangular-based  prismatic-element  mesh  which,  in  the 
authors’  opinion,  is  flexible  enough  from  the  geomet¬ 
rical  standpoint  for  most  practical  applications,  while 
still  having  a  number  of  implementation  advantages 
over  tetrahedral  meshes: 

•  The  problem  of  properly  defining  the  control  vol¬ 
umes  associated  with  the  nodes  of  general  tetra- 
hedra  is  still  largely  unsolved  or,  at  least,  insuffi¬ 
ciently  tested.  As  a  result,  some  ripple  could  be 
expected  in  the  resulting  solution. 

•  The  problem  of  generating  tetrahedral  meshes  in 
three  dimensions  which  take  real  advantage  of  the 
potential  flexibility  of  these  elements  (i.e.  without 
converting  prisms  into  tetrahedra)  is  a  very  hard 
task.  On  the  other  hand,  generating  a  prismatic- 
element  mesh  can  be  easily  accomplished  by  sim¬ 
ply  replicating  a  triangular  mesh  in  the  third  di¬ 
mension.  It  should  be  noticed  that  the  above  pro¬ 
cedure  does  not  imply  a  geometrical  uniformity  of 
the  simulated  device  in  the  third  dimension,  but 
it  requires  step-like  changes. 
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In  its  present  implementation  the  program  han¬ 
dles  Poisson  and  one  carrier  continuity  equation  (elec¬ 
trons),  which  are  solved  using  the  Gummel  [S]  suc¬ 
cessive  procedure.  The  adopted  discretization  scheme 
is  the  well-known  "box  integration  method”,  whereby 
each  node  is  allocated  a  control  volume  which,  in  our 
case,  is  still  a  prism.  Poisson’s  equation  is  discretized 
assuming  a  piecewise  linear  approximation  for  the  elec¬ 
tric  potential  along  the  mesh  lines,  and  a  three-dimen¬ 
sional  generalization  of  the  Sharfetter-Gummel  scheme 
[6)  is  used  to  discretize  the  current-continuity  equa¬ 
tions.  The  discretization  procedure  of  Poisson’s  equa¬ 
tion  leads  to  a  set  of  N  non-linear  algebraic  equations, 
while  the  corrent-continuity  equation  leads  to  a  linear 
system  (if  the  dependence  of  the  carrier  mobility  upon 
carrier  concentration  is  neglected). 

For  the  solution  of  the  linear  system,  we  employ 
the  ICCG  method  for  Poisson’s  equation,  and  a  di¬ 
rect  solver  for  the  current-continuity  equation.  Parallel 
techniques  are  currently  being  investigated  for  a  sub¬ 
sequent  vector-processor  implementation  of  the  code. 

S.  The  narrow-width  MOSFET 

Several  authors  [7,8]  have  published  experimen¬ 
tal  and/or  theoretical  results  on  narrow-width  MOS- 
FET’s.  From  the  above  papers,  one  can  infer  that  the 
most  important  narrow-width  effect  is  an  increase  of 
the  threshold  voltage  as  the  channel  width  becomes 
narrower. 

We  have  simulated  the  electrical  properties  of  a 
narrow-width  MOSFET  having  a  fixed,  nominal  chan¬ 
nel  length  L  =  1.0  pm  and  a  nominal  channel  width  W 
ranging  from  0.4  /im  to  2.8  /im.  The  mesh  of  one  of  the 
above  devices  is  shown  in  fig.  1:  due  to  the  simmetry 
of  the  structure,  only  half  of  the  device  is  actually  con¬ 
sidered.  The  “bird's  beak”  at  the  transition  between 
the  channel  and  the  field  regions  is  carefully  described 
on  the  front  plane  in  order  to  take  full  advantage  of 
the  flexibility  of  the  triangular  mesh;  so  doing,  current 
flow  occurs  mainly  in  the  third  direction,  i.e.  normal 
to  the  front  plane. 

The  3-0  mesh  is  replicated  in  the  third  dimension, 
where  10  planes  are  accommodated,  with  slight  mod¬ 
ifications  which  account  for  the  structural  changes  of 
the  MOSFET  (transitions  between  the  source-gate  and 
gate-drain  regions).  The  whole  mesh  comprises  2,565 
nodes  and  4,158  prisms. 

The  impurity  concentration  is  input  via  analytical 
expressions  reasonably  accounting  for  source  and  drain 
diffusions,  channel  implant  and  channel-stop  diffusion. 
The  channel  implant  was  designed  to  give  a  threshold 
voltage  VT  =  0.7  V. 

All  simulations  were  carried  out  on  a  Micro VAX- 
GPX  work  station,  and  the  average  GPU  time  required 
was  about  1.5  hours  per  bias  point. 

Figure  2  shows  a  perspective  plot  of  the  equilib¬ 


rium  potential  in  the  plane  normal  to  the  X-axis,  lo¬ 
cated  at  the  field-oxide  silicon  interface.  The  two  upper 
“plateau”  represent  the  source  and  drain  regions,  and 
the  channel  appears  as  a  saddle  between  them.  Figure 
3  shows  instead  the  electric  potential  in  the  parallel 
plane  located  at  the  gate-oxide  silicon  interface.  The 
ridge  at  the  periphery  of  the  channel  is  due  to  the  pen¬ 
etration  of  the  device  cross  section  into  the  oxide  and 
not  to  an  actual  increase  of  the  electric  potential  at 
the  Si-SiO}  interface.  Rather,  the  fringing  field  arising 
from  the  field-oxide  penetrates  in  the  channel  region, 
causing  a  decrease  of  the  electric  potential  at  its  edges 
and  thus  reducing  the  effective  inversion  layer  width. 
Consequently,  when  applying  a  drain-source  voltage,  a 
corresponding  decrease  in  the  corrent  flowing  along  the 
channel  is  to  be  found. 

In  order  to  highlight  this  effect,  some  comparisons 
with  2D  results  have  been  made:  a  corresponding  pla¬ 
nar  device  has  been  simulated  neglecting  the  field  ox¬ 
ide  and  the  bird’s  beak,  and  assuming  equal  channel 
widths.  Figure  4  shows  the  simulated  turn-on  charac¬ 
teristics  of  the  2-D  and  3-D  MOSFET’s  for  three  differ¬ 
ent  values  of  the  channel  width,  namely  W  =  0.4  pm, 
Vf  —  1.2  pm  and  W  =  2.8  pm,  respectively.  The  drain- 
source  voltage  Vos  =  0.1  V  in  these  simulations.  The 
figure  shows  that  the  2-D  MOSFET  systematically  pro¬ 
vides  a  larger  current  than  the  3-D  one,  and  the  differ- 
.  e  increases  as  the  gate  voltage  is  increased.  Thus, 
both  threshold  voltage  and  gain  factor  are  affected  by 
the  narrow-width  effect.  Figure  5  shows  the  corre¬ 
sponding  turn-on  characteristics  with  Vds  =  3.0V, 
which  confirm  the  above  statement.  The  subthreshold 
behaviour  of  the  turn-on  characteristics  is  better  illus¬ 
trated  in  figure  6.  For  the  0.4  pm-width  device,  over 
one  order  of  magnitude  difference  between  the  2-D  and 
3-D  models  is  observed. 

A  comprehensive  view  of  the  Ip/W  dependence 
upon  gate  voltage  and  channel  width  is  given  in  fig¬ 
ures  7  and  8,  where  a  perspective  plot  of  a  2-D  sur¬ 
face  in  the  3-D  space  is  shown.  These  plots  emphasize 
the  transconductance  degradation  and  the  change  in 
threshold  voltage  which  occur  for  small  values  of  the 
channel  width. 

4.  Conclusions 

In  this  paper  we  have  illustrated  the  main  features 
of  a  general-purpose  three-dimensional  device-analysis 
program,  HFIELDS-3D,  developed  at  the  University 
of  Bologna  in  the  context  of  an  EEC-supported  ES¬ 
PRIT  Project.  Care  has  been  taken  to  ensure  versatil¬ 
ity  and  geometrical  flexibility  of  the  code,  which  allows 
for  a  wide  variety  of  realistic  device  structures.  At  the 
present  stage  of  development,  the  program  solves  only 
Poisson’s  and  one  carrier-continuity  equation,  which 
makes  it  suitable  for  the  simulation  of  unipolar  de¬ 
vices,  but  its  extension  to  both  carrier-continuity  equa- 
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tions  ia  forseen  in  the  near  future.  The  program  haa 
been  ahown  to  perform  satisfactorily  in  the  investi¬ 
gation  of  the  narrow-width  effect  in  MOSFET’a,  but 
much  work  ia  stili  to  be  done  in  order  to  optimise  its 
numerical  efficiency.  To  thia  purpose,  the  authors  are 
currently  investigating  more  efficient  algorithms  for  a 
vector-processor  version  of  the  code.  In  order  to  handle 
the  huge  number  of  equations  inherent  in  3-D  problems 
in  a  reasonable  time,  the  use  of  vector  processors  or 
parallel  architectures  is  mandatory. 
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Fig.  1:  Mesh  of  the  simulated  MOSFET. 


Fig.  2:  Perspective  plot  of  the  equilibrium  potential  in 
the  plane  normal  to  the  X-axis,  located  at  the  field- 
oxide  silicon  interface. 


Fig.  3:  Perspective  plot  of  the  equilibrium  potential  in 
the  plane  normal  to  the  X-axis,  located  at  the  gate- 
oxide  silicon  interface. 
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Fig.  4:  Simulated  turn-on  characteristic*  of  the  2-D  Fig.  7:  Normalised  drain  current  as  a  function  of  the 

and  3-D  MOSFET’s  for  different  values  of  the  channel  channel  width  and  the  gate  voltage, 

width;  —  0.1  V. 
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Fig.  5:  Simulated  turn-on  characteristics  of  the  2-D  Fig.  8:  Normalised  drain  current  as  a  function  of  the 
and  3-D  MOSFET’s;  Vd.  =  3.0V.  channel  width  and  the  gate  voltage. 


Fig.  S:  Simulated  turn-on  characteristics  of  the  2-D 
and  3-D  MOSFET’s;  Vu  -  0.1V. 
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ABSTRACT 

Spreading  capacitances  of  several  MCS  VLSI  configurations  have  been  calculated  numerically 
by  solving  Poisson's  equation  in  2  or  3  dimensions.  Owing  to  nonuniform  charge  distributions,  con¬ 
tributions  from  sidewalls  and  topsurfaces,  and  shielding  effects,  considerable  deviations  from 
scarce  analytic  formula  have  been  found.  Successively  considered  are  the  cases:  3  parallel  conduc¬ 
tors  at  equal  height  from  the  substrate,  2  parallel  conductors  at  different  level  from  the  substrate, 
gate-drain  configuration  of  different  MOSFETs,  and  two  conductors  or  four  conductors  crossing 
above  a  substrate. 


1.  Introduction 


Since  bias  voltage  constraints  and  electromigration  ef¬ 
fects  prevent  to  scale  down  properly  the  dimensions  of  the 
interconnection  system,  in  submicron  VLSI  additional 
capacitance  effects  become  more  and  more  important.  Not 
only  do  charges  at  the  sidewalls  and  top  surfaces  of  the 
conductors  lead  to  a  larger  capacitance  to  substrate  or  to 
interline  capacitance,  but  nonuniform  charge  distribution 
and  shielding  effects  cause  the  capacitance  to  deviate  con¬ 
siderably  from  the  l-D  value. 

Although  analytic  capacitance  expressions  based  on 
conformal  mapping  have  been  given  to  correct  for  several 
of  the  above  effects  [1,2,3],  it  is  questionable  whether 
these  results  are  generally  useful.  Not  only  are  the  results 
limited  owing  to  several  assumptions  used,  but  in  practical 
layouts  configurations  soon  become  too  complicated  to 
use  conformal  mapping.  Since  an  empirical  investigation 
is  costly  and  sometimes  even  impossible,  the  capacitances 
from  a  number  of  elementary  interconnect  configurations 
have  been  calculated  numerically  by  making  use  of  the 
device  simulator  TRIPOS  [4],  which  solves  Poisson’s 
equation  in  two  and  three  dimensions.  Where  possible,  the 
results  have  been  compared  to  analytic  results.  Further¬ 
more  the  observed  trends  are  discussed  from  a  physical 
point  of  view. 


2.  Capacitances  between  3  parallel  conductors  and  the 
substrate 

Owing  to  2-D  and  3-D  charge  distribution  effects,  the 
capacitance  per  unit  length  deviates  from  the  conventional 
l-D  formula  C  =  when  the  distance  (W)  to 


substrate  and  the  thickness  (7)  of  conductors  are  no  longer 
small  compared  to  their  width  (HO  and  mutual  distance 
(5).  This  is  shown  in  fig.  1,  where  all  possible 
capacitances  of  3  conductors  parallel  to  each  other  and  to 
the  substrate  are  given  as  a  function  of  the  distance  S  (with 
T  =  W  =  1  (im).  Lateral  field  distributions  underlying  the 
above  2-D  results  are  given  in  fig.  2  (with  the  location 
indicated  in  the  inset  of  fig.  1).  While  the  normal  field 
remains  rather  uniform  under  the  central  conductor  owing 


Figure  1.  Capacitances  vs.  mutual  distance  for  conductor 
configuration  given  in  the  inset. 
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to  shielding  by  the  surrounding  conductors,  the  lateral 
field  is  very  nonuniform.  Starting  from  nearly  zero  value 
along  die  symmetry  line  (1),  the  above  field  peaks  to  a 
high  value  at  the  edge  (2)  of  the  central  conductor  due  to 
charge  crowding  at  die  corners  of  the  conductor  (at  which 
upto  30%  of  die  total  charge  may  be  accumulated). 


Si  Al  (for  1) 


Figure  2.  Lateral  field  along  several  normal  directions  for 
configuration  of  fig.  I. 


Owing  to  shielding  effects  of  field  lines  originating 
from  the  sidewalls  and  top  surfaces  the  capacitance  to 
substrate  of  the  central  conductor  (Cra  =  AQp/AVf)  is 
lower  than  that  of  the  left  conductor  and  for  smaller  values 
of  the  distance  S  the  difference  becomes  larger.  At  the 
same  time  the  interline  capacitance  (Cra  =  AQp/AVp)  in¬ 
creases  with  decreasing  S  and  at  a  higher  rate,  than  the 
others  decrease.  As  shown  in  fig.  3  the  total  capacitance 
of  the  middle  conductor  CT  =  Cn  +  2Cra  increases  with 
decreasing  5.  In  the  same  figure  also  a  semi-empirical  ap¬ 
proximation  [3]  is  given.  Although  the  deviation  with 
TRIPOS  remains  within  10%,  the  deviation  for  die 
various  parts  of  CT  is  larger. 


Figure  3.  Total  capacitance  of  central  conductor  of  fig.  I . 


3.  Capacitances  between  two  conductors  at  different 
level 

When  two  conductors  are  parallel,  but  located  at  dif¬ 
ferent  levels  compared  to  die  substrate,  their  partial 
overlap  has  a  specific  effect  on  all  possible  capacitance 
values.  This  is  shown  in  fig.  4,  which  gives  the 
capacitances  as  a  function  of  the  overlap  distance  S  as 
defined  in  the  inset.  Owing  to  shielding  of  field  lines 
originating  from  the  top  surface  of  conductor  L,  the 
capacitance  to  substrate  CLB  at  complete  overlap  ( S  =  0) 
is  lower  than  the  value  in  the  absence  of  conductor  T, 
and  even  slightly  decreases  at  small  partial  overlap 
(S  <  0.3  pm).  Only  when  the  overlap  approaches  zero 
(S  >  1.0  pm)  this  capacitance  increases  with  5.  Because 
of  differences  in  the  shielding  of  field  lines  originating 
from  the  bottom  and  sidewalls  of  conductor  7,  for  the 
capacitance  Cjb  the  same  qualitative  behaviour  is  observ¬ 
ed.  However,  owing  to  the  fact  that  at  S  =  0  the  bottom 
surface  of  7 has  been  shielded  effectively,  the  relative  ef¬ 
fects  are  smaller.  Furthermore,  while  at  complete  overlap 
the  interline  capacitance  CrL  varies  strongly  with  the  step 
height  (Ht  -  HO,  for  larger  values  of  5  the  above 
capacitance  becomes  completely  determined  by  fringing 
effects  and  therefore  hardly  varies. 


Figure  4.  Capacitances  vs.  mutual  distance  for  configura¬ 
tion  given  as  inset  ( thickness  of  L  =  .6  pm). 


4.  Gate-drain  capacitance  of  a  MOSFET 

Below  threshold  voltage  the  gate-drain  capacitance 
(Q>o  “  Ae0/AKD)  is  larger  than  expected  from  the 
physical  overlap  owing  to  fringing  effects  between  the 
poly  silicon  gate  sidewall  and  the  drain  topsurface,  and 
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between  the  drain-channel  edge  and  the  gate  lower  surface 
(compare  the  inset  of  fig.  S).  For  the  conventional 
MOSFET  an  analytic  expression  for  the  above  capacitance 


FigureS.  Gate-drain  fringing  capacitance  of  conventional 
and  LDD  MOSFET  (lines  (A,  B)  are  analytic  results). 


has  been  given  [5],  but  the  validity  of  this  approach  is 
questionable  for  an  LDD-MOSFET  with  its  refined 
gradual  drain  junction  profile.  For  both  devices  the 
numerically  calculated  value  of  CGD  is  given  in  fig.  5  as 
a  function  of  the  gate  voltage  at  two  different  values  of  the 
drain  voltage.  The  devices  considered  are  n-channel  type 
with  a  poly  silicon  gate  (width  0.7  /im,  thickness  0.3  pm) 
on  a  17  nm  thin  insulator.  For  the  conventional  MOSFET 
the  0.25  pm  drain  junction  has  a  physical  overlap  with  the 
gate  of  0. 17  pm.  Using  process  modelling  data  the  lightly 
doped  drain  of  the  LDD-type  is  assumed  to  overlap  the 
gate  to  an  amount  of  0.08  pm. 

Decreasing  VG  from  zero  Volt  (off-state)  causes  the 
building-up  of  an  accumulation  charge  starting  from  the 
centre  of  the  channel  region.  This  growing  accumulation 
charge  gradually  reduces  the  inner  fringing  capacitance 
between  gate  and  drain  edge.  In  the  sub-threshold  region 
CQD  increases  with  VG  owing  to  the  gradual  formation  of 
a  channel  starting  from  the  drain.  This  generally  increases 
the  1-D  overlap.  At  threshold  voltage  the  capacitance 
saturates  with  VG,  since  the  channel  is  present  every¬ 
where.  However,  due  to  channel  pinch-off  occuring  at 
I'd  =  1  Volt  Cqd  remains  lower  than  the  value  at 
I'd  =  0.  Owing  to  the  smaller  1-D  overlap  and  partial 
depletion  of  the  lightly  doped  drain  region  (in  particular 
at  FD  =  1  Volt)  the  capacitance  of  the  LDD  MOSFET  is 
considerably  smaller  in  the  accumulation  and  subthreshold 
region. 

Also  shown  in  fig.  3  is  an  analytic  result  [5],  Only  for 
the  conventional  device  at  VG  =  0  this  result  fairly  agrees 
with  the  numerical  value.  However  the  reduction  of  the 


fringing  effect  in  deep  accumulation  is  not  taken  into 
account. 


5.  Capacitance  of  two  crossing  conductors 

When  a  second  conductor  crosses  a  first  one  at  dif¬ 
ferent  height  from  the  substrate  (inset  of  fig.  6)  the  field 
and  the  resulting  charges  have  to  be  calculated  using  a  full 
3-D  solution  of  the  Laplace  equation  [6].  Fig.  6  gives  the 
three  possible  capacitance  values  as  a  function  of  distance 
between  both  conductors.  The  upper  conductor  T  and  the 
lower  conductor  S  have  a  thickness  of  1 . 1  pm  and  0.6  pm 
respectively,  a  width  of  1  /im  and  a  length  of  20  pm. 

Of  course  the  most  pronounced  effects  are  found  in 
the  interline  capacitance  Cts-  Not  only  is  the  value  owing 
to  3-D  charge  contributions  almost  an  order  higher  than 
the  1-D  capacitance  value,  but  the  presence  of  the 
substrate  causes  that  the  above  value  is  still  smaller  than 
the  pure  interline  capacitance  value  C'TS  (substrate 
removed).  In  addition  the  contributions  from  sidewalls 
and  top/ bottom  areas  cause  the  capacitance  Cts  to  vary 
subtineariy  with  H~l.  Shielding  effects  are  the  main 
reason  for  CSB  to  increase  slightly  with  increasing  H. 


Figure  6.  Capacitances  vs.  distance  for  two  crossing  con¬ 
ductors  above  a  substrate  (L  =  l  pm). 


6.  Capacitances  of  four  conductors 

As  an  extension  to  the  previous  case  a  configuration 
of  four  conductors  is  considered,  which  are  crossing 
mutually  and  are  located  at  two  different  levels  above  the 
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substrate  (compare  the  inset  of  fig.  7).  Naturally  the  same 
3-D  effects  occur  as  in  the  previous  case,  but  owing  to  the 


Figure  7.  Capacitances  between  four  conductors  ( see 
inset )  vf.  distance  of  upper  conductors 
(du  =  djs  ~  1  pun,  d ~  2  pm). 

more  complicated  situation  the  calculation  is  more  deman¬ 
ding  for  the  simulator.  In  spite  of  making  use  of  symmetry 
rules  the  number  of  grid  points  required  amounts  30.000. 

In  fig.  7  several  capacitances  to  bulk  and  interline 
capacitances  have  been  plotted  as  a  function  of  the 
distance  between  the  two  upper  conductors.  Except  the 
capacitance  CM  the  variation  of  the  other  capacitors  is 
dominated  by  shielding  effects.  Cbi  and  Cj,  decrease 
slightly  with  increasing  distance  d 34  owing  to  the  fact  that 
in  this  case  the  upper  conductors  have  a  more  effective 
shielding  on  the  lower  conductors.  On  the  other  hand  with 
increasing  distance  du,  conductor  4  causes  less  shielding 
of  field  lines  originating  from  conductor  3.  Therefore  C)t 
increases  with  in  creasing  du.  Although  the  lower  con¬ 
ductors  and  the  substrate  have  a  shielding  effect  on  Cm, 
this  capacitance  still  varies  with  dyfx. 

Finally  in  fig.  8  the  insulator  thickness  da  between 
the  upper  and  lower  conductors  has  been  varied.  Owing 
to  a  reduction  of  shielding  effects  the  interline 
capacitances  between  conductors  at  the  same  level  in¬ 
crease  considerably  with  an  increase  of  dti.  Naturally  the 
capacitances  between  conductors  at  different  levels 
decrease  at  the  same  time,  but  similar  to  the  case  of 


fig.  6  this  decrease  is  only  a  sublinear  function  of  the 
thickness. 


Figure  8.  Capacitances  vs.  insulator  thickness 
(d,*  =  dj4  —  2  pun,  dig  =  1  pun). 

Conclusions 

When  comparing  the  results  to  the  limited  number  of 
analytic  expressions  (case  I  and  3),  already  strong  devia¬ 
tions  are  observed.  All  trends  or  effects  observed  in  the 
figures  can  be  explained  from  a  physical  point  of  view.  A 
change  of  interconnect  dimensions  or  mutual  distances  has 
much  larger  effect  than  the  thickness  of  dielectric  layers. 
For  1  jim  wide  conductors  2-D  capacitance  values  may 
exceed  the  l-D  value  by  a  factor  of  5,  and  in  3-D  cases 
by  a  factor  of  9.  Estimating  2-D  capacitance  values  by 
reducing  surface  charge  integrals  to  line  integrals  or  3-D 
capacitance  values  as  a  summation  of  2-D  cases  is  too 
inaccurate. 
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Abstract 

The  accurate  simulation  of  implanted  and  diffused  impurity  profiles  in  silicon  is  extremely 
important  when  developing  VLSI  processes.  In  this  work  simulations  with  different  process 
simulators  and  the  corresponding  experimental  results  for  implantation  and  diffusion  in  N3 
ambient  of  boron  in  Silicon  are  compared.  Our  study  reports  a  remarkable  dose  dependence  of 
the  shape  of  the  experimental  profiles.  Strategies  have  been  developed  to  increase  the  simulation 
accuracy. 


1  INTRODUCTION 

The  simulators  used  in  this  study  are:  SUPREMII.5{1], 
SUPREM3(2J,  ICECREM[3]  and  PREDICTJ4).  The  substrates 
used  were  9-13  flan  phosphorus-doped  n-type  (100)  silicon 
wafers.  A  400  ‘A  thick  thermal  oxide  was  grown  in  dry  oxy¬ 
gen  at  1000'  C.  Then  60  keV,  “B+  implants  with  doses  rang¬ 
ing  from  10' 3  cm-3  to  10'7cm“3  were  performed  with  wafers 
tilted  7°  to  suppress  channeling.  The  annealing  temperatures 
and  times  were  :  900, 1000, 1100  '  C  and  30,  300,  1200  min. 

Comparing  the  experimental  implantation/diffusion  profiles 
and  simulations  (using  default  model  parameters)  no  satisfac¬ 
tory  agreement  is  achieved.  It  is  found  that  for  long,  high 
temperature  anneal  steps  simulations  and  experiments  coincide 
far  much  better  than  for  low  temperature,  short  time  anneal¬ 
ing  conditions  (Figure  1).  In  the  latter  case  the  actual  shape 
of  the  implantation  (starting)  profile  has  a  pronounced  influ¬ 
ence  on  the  final  diffusion  profile.  This  is  illustated  in  Figure  2 
for  profiles  simulated  with  ICECREM.  For  a  30  min  anneal  at 
1000"C  we  still  see  a  tail  in  the  profile  which  is  originating 
from  a  strong  implantation  channeling  model.  After  300  min 
of  annealing  the  shape  of  the  profile  has  completely  changed. 
So,  the  exact  modelling  of  the  implantation  profile  is  not  only 
necessary  for  improving  the  accuracy  of  the  final  diffused  pro¬ 
files,  but  it  is  also  very  important  for  a  better  understanding 
and  comparison  of  the  diffusion  mechanisms  .  Also  modelling 
of  rapid  thermal  annealing  has  a  need  for  precise  implantation 
start  profiles. 


a) 


FIGURE  1  : 

Comparison  between  simulations  and  experiments 

a)  for  low  temperature  :  900“C,  30  min 

b)  for  high  temperature  :  H00"C,  30  min 
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Found  for  Scientific  Research. 


423 


FIGURE  2  : 

ICECREM  default  profiles  . 

1_  as  implanted  profile  :  B,  (SOkeV,  10‘5  cm-’  (400  A  oxide) 
2  same  profile  after  N3anneal,  1000°C,  30  min 
3.  same  profile  after  N„anneal,  1000'  C,  300  min 

2  DEFAULT  IMPLANTATION  MODELLING 

Most  process  simulators  use  analytical  formulas  for  mod¬ 
elling  the  implanted  profiles.  Here  different  models  and  also 
different  default  parameter  values  are  found  when  comparing 
the  available  programs.  Most  frequently  used  are  the  Gauss 
model  (non-channeled  profiles),  or  Gauss-related,  PearsonlV 
and  PearsonIV-related  (profiles  with  channeling  tail)  models. 
The  model  chosen  depends  on  the  specified  impurity,  on  the 
type  of  target,  on  the  thickness  of  the  implant  oxide  and  also 
on  the  simulator  used  (Table  1). 


SUPREMII.5  ! 

Gauss 

PearsonlV  +  exp.tail  ; 

ICECREM 

Gauss 

PearsonlV 

SUPREM3 

Gauss 

2-Gaussian 

PearsonlV 

PREDICT 

Gauss  +  exp.  tail 

Table  1:  Different  process  simulators  and  their  models  for  im¬ 
plantation  of  boron  in  crystalline  silicon 


The  Gauss  model 
Dot* 


C|  SB )  = 


7ZTfr'xp 

Do ae  x  /(*) 


(- 


) 

,/(*):  frequency  function 


gives  a  symmetrical  profile  which  can  only  be  used  for  non- 
channeled  implantation  profiles  (e.g.  in  amorphous  silicon). 
Rp  is  the  range  of  the  profile  and  o  is  the  standard  deviation. 


In  crystalline  silicon  channeling  occurs  and  the  profile  is  no 
longer  symmetrical.  Then  at  least  one  has  to  account  for  the 
skewness  7  by  using  a  frequency  function  which  consists  of  two 
half  Gaussian  distributions.  If  also  the  peakedness  0  is  needed 
to  describe  the  asymmetry,  the  PearsqnlV  distribution  is  used. 
This  distribution  is  given  by  {5]: 


C(e)  = 

Dote  x 

:  /(*) 

and 

/(*)  = 

*[-<b. 

+  b,y  +  bay3)]' 

{ 

b./b,  +  aa 

xexp  ( 

V 4bobj  —  b3 

X  arctan 


ab3y  +  b,  \ 


a,b 0,b,,b3  are  functions  of  o,7,0 

In  this  Study  we  concentrate  on  boron  implantations  in  crys¬ 
talline  silicon,  unannealed  or  annealed  in  N,  atmosphere.  As  all 
experimental  as-implanted  profiles  (measured  by  SIMS)  show  a 
certain  amount  of  channeling  (even  with  a  400  A  thick  implant 
made  and  7“  tilt)  PearsonlV,  modified  PearsonlV  and  modified 
Gaussian  models  are  used  (column  4  of  Table  1).  Using  the 
default  implantion  models  and  parameters  none  of  the  process 
simulators  gives  a  satisfactory  agreement  with  the  experimen¬ 
tal  as-implanted  profiles  over  a  wide  range  of  doses  (Figure  3). 
SUPREMII.5  and  ICECREM  show  the  same  tendencies.  In  both 
cases  the  tail  extends  beyond  the  extrapolated  tail  from  the 
SIMS  measurement  for  doses  of  so'5  cm-3  and  higher.  For 
1013  and  io'4  cm-3  simulations  and  experiments  agree  con¬ 
siderably  well  and  for  the  lowest  dose  (10’ 3  cm'3)  simulations 
seem  to  underestimate  channeling.  PREDICT  is  the  only  simu¬ 
lator  which  accounts  for  a  dose  dependency  for  channeling,  but 
the  modelling  is  done  in  a  empirical  and  discontinuous  way. 
SUPREM3( version  3C)  does  not  model  channeling  at  all.  Also 
remarkable  is  that  literature  about  SUPREM3  always  mentions 
a  PearsonlV  model  while  the  default  implantation  parameters 
satisfy  the  conditions  for  a  Pearsonl  distribution. 

Our  study  thus  revealed  a  remarkable  dose  dependence  of 
the  shape  of  the  experimental  profiles  (especially  in  the  chan¬ 
neling  tail  region)  which  is  completely  neglected  by  the  avail¬ 
able  simulators  (except  to  some  extend  for  PREDICT).  So  it 
is  obvious  that  the  default  implantation  parameters  cannot  be 
used  when  simulating  the  actual  implanted  profiles  and  as  such 
will  also  provide  a  non-optimal  starting  profile  for  the  study  of 
subsequent  diffusion  steps. 
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FIGURE  3  : 

Comparison  between  different  process  simulations  and  experimental  SIMS  implantation  pro¬ 
files  for  I/I:  B.  60keV,  10‘3, 10‘3 . 10‘7  cm-3  through  400  A  oxide.  The  solid  lines  represent 

SIMS-data.  The  origin  of  the  x-axis  is  at  the  Si/SiO,  interface. 


3  NON  DEFAULT  IMPLANTATION  PROFILES 

In  our  work  we  used  the  PearsonlV  model  (used  in  ICE- 
CREM)  for  extracting  accurate  model  parameters  from  the  ex¬ 
perimental  SIMS  profiles  using  the  SIMPAR[5]  package.  This 
parameter  extraction  program  has  originally  been  developed  for 
determining  the  parameters  used  in  the  l-V  relations  of  transis¬ 
tors.  but  it  is  also  possible  to  built  in  any  user  defined  model. 

Very  good  PearsonlV  fittings  for  the  experimental  implan¬ 
tation  results  are  obtained  (Figure  4).  The  strong  channeling 
effect  at  higher  doses  has  disappeared,  but  still  some  tailing  de¬ 
pending  on  the  dose,  can  be  observed.  This  fitting  procedures 
leaves  all  distribution  parameters  (A,,?, 7,0)  free.  This  is  of 
course  not  very  practical  for  process  simulation,  but  the  result¬ 
ing  sets  of  parameters  do  exhibit  a  dose  dependence  which  can 
be  quite  easily  described.  To  model  this  dependence  in  a  phys- 
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FIGURE  4  : 


SIMPAR  (PearsonlV)  fitting  results  for  implantation 
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FIGURE  5  : 

Dose  dependent  implantation  parameters  :  <r  vs  dose,  7  vs  dose.  0  vs  dose 
The  circles  represent  extracted  values. 


ical  and  practical  way.  a  second  fitting  procedure  is  performed 
where  R,,  is  kept  fixed  at  a  mean  value  corresponding  to  the 
implantation  energy.  This  means  we  consider  R,,  independent 
of  the  implantation  dose.  This  approach  is  generally  accepted. 
On  the  other  hand,  <r,y,0  are  stiH  clearly  dose  dependent. 
This  explains  also  the  variation  of  the  position  of  the  maxi¬ 
mum  =  R,,  +a,  with  a  a  function  of  7  and  0.  The  results  for 
a  60l«eV  boron  implantation  through  400  'A  oxide  are  given  by  : 

1R,,  %  cte 

a  ~  —  a.ggio~3ln{dose)  +  0.17 

7  =  —  o.ogofn(dose)  +  3.40 

0  =  3.0137*  +  3.53 

The  extracted  parameters  and  the  resulting  relationsships  are 
shown  in  Figure  5.  AH  non-constant  parameters  are  decreasing 
with  increasing  implantation  dose.  The  skewness  7  and  the 


peakedness  0  are  approaching  to  Gaussian  values  (7  =  o,  0  = 
3)  as  the  dose  increases.  This  means  the  higher  the  dose  the 
less  channeling  occurs.  Indeed  for  higher  doses  more  damage 
is  created,  which  reduces  the  probability  for  channeling. 


4  DIFFUSION  PROFILES 

FinaHy  starting  from  the  proper  implantation  profile,  dif¬ 
ferent  diffusion  models  can  be  compared.  All  diffusion  pro¬ 
files  were  measured  by  spreading  resistance  profiling  (SRP).  In 
general  we  now  get  a  much  better  agreement  with  the  experi¬ 
mental  results,  also  for  the  low  temperature,  short  time  anneal 
conditions.  Indeed,  the  strong  channeling  tail,  which  could  be 
observed  for  default  simulations  and  is  not  at  all  occuring  in 
the  experimental  profiles,  is  eliminated  (Figure  6,  Figure  7  ). 
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FIGURE  6  : 


FIGURE  7  : 


ICECREM  default  profiles  vs  experimental  SRP  profile  : 

T  ICECREM  implantation  8,  60keV,  101-'cm~a(400  k  oxide) 
_2  ICECREM  N,anneal,  900"C,  30  min 
3]  experimental  annealed  profile 


ICECREM  non-default  profiles  vs  experimental  SRP  profile  : 

_1_  ICECREM  implantation  B,  60keV,  10Mcm_^{400  k  oxide) 
7  ICECREM  N3anneal,  900 '  C,  30  min 
3J  experimental  annealed  profile 


Simulations  prove  that  due  to  the  bevel  angle  used  for  SRP 
the  measured  junction  is  20%  less  deep  than  the  real  junction 
in  a  non- beveled  sample.  This  bevel-effect  [7]  is  also  respons- 
able  for  the  kink  observed  in  the  SRP-profile. 

A  more  profound  basis  for  the  study  and  improvement  of 
the  diffusion  model  in  the  different  simulators  is  established. 
Also  this  approach  provides  a  more  physically  realistic  strategy 
for  adapting  the  default  model  parameters  in  order  to  fine  tune 
the  simulated  results  towards  the  experimental  results. 

It  is  made  clear  that  it  is  very  important  to  look  carefully 
at  the  existing  programs  and  the  implemented  models  in  order 
to  get  reliable  results.  Indeed,  apparently  good  results  can  be 
obtained  for  certain  process  steps  or  subsequent  process  steps, 
but  more  critical  conditions  can  cause  a  failure  of  the  model. 
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SHALLOW  JUNCTIONS  OF  BORON  IMPLANTED  IN  GE+  FREAMORPHIZED  <100>  SI  WAFERS 
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*  Dlpartlmento  dl  FIsica,  Corao  Italia  57-195129  Catania  -  Italy. 

0  SGS  -  Microelettronica  S.p.A.,  Stradale  Prlmoaole  50,  195100  Catania 
Italy. 

p-type  shallow  junctions  in  silicon  were  obtained  by  preamorphization  with 
Ge+  ions,  20  KeV  B+  implants  at  doses  in  the  5*10^  -  5*10*Vcm2  range, 
and  thermal  annealing  at  850  °C  or  950  °C  for  1/2  hr.  The  junction  depth 
was  <  0.3  >im  in  the  preamorphized  wafers  and  >  0.3  jim  in  the  B-bare  Si 
implanted  wafers.  The  leakage  current  density  measured  at  a  reverse  bias 
of  10  v  was  about  100  pA/cm2  for  both  procedures.  The  leakage  maps  on  the 
5"  wafer  gave  a  density  of  short  circuits  of  0.6/cm  . 


1.  INTRODUCTION 

The  formation  of  shallow  junctions 
by  ion  implantation  is  hampered  by 
channeling  effect  and  by  the  partial 
electrical  activation  in  the  tail 
region  of  the  implanted  profile  in 
particular  for  B-type  region  [l]. 
Preamorphization  with  different  ions  as 
Si+,  Ge+,  Sn+  of  a  surface  layer  deeper 
than  the  active  range  of  the  p-n 
structure  prevents  channeling  tails  (2- 
3]  and  the  use  of  rapid  thermal 
annealing  [4]  provides  a  quite  complete 
dopant  activation. 

The  use  of  Ge+  ions  to  preamorphize 
the  layer  presents  some  advantages  [5]. 
The  implantation  can  be  performed  at 
room  temperature,  Ge  has  an  infinite 
solid  solubility  in  Si,  its  large 
covalent  radio  causes  a  biaxial 
compressive  Btrain  which  can  compensate 
the  lattice  strain  that  arises  after 
subsequent  high  dose  implantation  and 
annealing  of  impurities  like  B  or  P. 
The  Ge  implantation  is  superior  to  the 
Si'*'  implantation  in  achieving  uniform 
amorphization  and  a  regrown  region  of 
high  structural  perfection  results  [6]. 

In  the  present  work  we  report  in 
detail  the  electrical  characterization 
of  pre-amorphlzed  Si  layers  with  Ge4 


of  pre-amorphized  Si  layers  with  Ge+ 
ions,  subsequently  implanted  with  B+ 
and  then  thermally  annealed,  in  view  of 
the  relevance  of  the  electrical 
response  of  shallow  junctions  for 
device  applications. 

2. EXPERIMENTAL 

Silicon  wafers,  5"  n-type  of  1.5  - 
4.0  fl  *cm  resistivity,  of  <100> 
orientation  were  preamorphized  with  Ge 
ions  -  150  KeV  to  a  fluence  of 

5*1014/cm2,  Some  wafers  were 
subsequently  implanted  with  20  KeV  of 
B+  to  a  fluence  of  5*10-*-^/cm2  (  Rp  = 
670  A,  DRp  =■  340  A  ).  The  annealing  was 
performed  in  a  furnace  under  N2  flow  at 
temperatures  of  850  °C  and  of  950  °C 
for  1/2  hr. 

The  samples  were  analyzed  by  2.0  MeV 
l!tHe+  Rutherford  backscattering  in 
combination  with  channeling  effect 
technique.  The  depth  profile  of  carrier 
concentration  and  mobility  was  obtained 
by  sheet  resistence  and  Hall 
measurements  in  layer-by  layer  removal 
technique  by  anodic  oxidation.  The 
electrical  behaviour  was  determined  by 
the  forward  and  reverse  I-V 
characteristic  and  by  the  leakage  maps. 
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3.  EXPERIMENTAL  RESULTS 

The  thermal  regrowth  of 
preamorphized  Ge+  layers  and 
subsequently  implanted  with  20  KeV  B+ 
was  investigated  in  the  500-600  °C 
temperature  range.  The  initial 
amorphous  layer  amounts  to  160  nm.  The 
epitaxial  regrowth  rate  of  the 
amorphous  layer  is  the  same  for  Ge+  and 
self-ion  Si+  implantation.  The  presence 
of  B  dopants  at  concentration  of 
5*101^/cm^  enhances  the  rate  of  about  a 
factor  ten,  in  agreement  with  the  data 
obtained  [7]  in  self-ion  implanted 
layers.  Our  data  support  the  use  of  Ge 
instead  of  Si,  in  inducing  an  amorphous 
layer.  After  regrowth  Ge  atoms  occupy 
substitutional  lattice  sites. 

The  sheet  resistance  of  samples 
implanted  with  5*10^/cm2  B  in  either 
pre-amorphized  or  virgin  <100>  Si  n- 
type  substrates,  and  thermally  annealed 
at  different  temperatures  for  30'  is 
shown  in  Fig.  1. 
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Fig.  1  -  Sheet  resistance  versus 
annealing  temperatures  for  5*10^/cm2  - 
20  KeV  B  implanted  into  Ge 
preamorphlzed  (■)  and  bare  Si  (•) 
respectively. 


Sheet  resistence  is  higher  in  B 
implanted  samples  than  in  B  Implanted 
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Fig.  2  -  Carrier  concentration  profile 
of  5*10^/cm2  -  20  KeV  B+  implanted 
into  preamorphized  (•)  and  bare  (■) 
Si  wafers  after  thermal  annealing  for 
30'  at  850  °C  (  a  )  and  950°C  (  b  ) 


into  preamorphized  samples  up  to  900  °C 
annealing  temperature.  This  behaviour 
is  associated  to  the  regrowth  of  cL~ 
layers  and  then  to  the  electrical 
activation  of  the  embedded  B  dopant  at 
temperatures  well  below  those  required 
to  anneal  out  point  and  extended 
defects  present  in  the  B  implanted 
samples  [8].  The  sheet  resistance  of 
the  layers  amounts  to  250  1T/O  in 
agreement  with  SUPREM  simulation. 

The  doping  and  mobility  profiles  were 
determined  by  etching  off  thin  layers 
of  Si  one  after  the  other  and  by 
measuring  the  sheet  resistance  and  the 
Hall  coefficient.  The  thin  layers  were 
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removed  by  anodic  oxidation  and  the  Van 
der  Paw  geometry  was  adopted  for  the 
electrical  measurements.  The  carrier 
concentration  profiles  obtained  by  this 
procedure,  are  shown,  in  Fig.  2a  and  2b 
for  5*10l^/cm2  -  20  KeV  B+  implanted 
into  bare  Si  and  into  preamorphized 
^100>  Si  substrates  after  annealing  at 
850  °C  and  950  °C  respectively.  After 
annealing  at  850  °C  the  activated  B+ 
dopant  fluence  amounts  to  4.4*10^/cm2 
in  the  preamorphized  Si  and  to 
6.9*10^/cm2  in  the  bare  Si  samples  in 
agreement  with  the  resistivity  data 
reported  in  Fig.  1.  The  mobility  is  of 
60  cm2/v*s  and  80  cm2/v*s  respective¬ 
ly.  After  annealing  at  950  °C  the 
measured  profiles  nearly  coincide  in 
the  investigated  range.  The  activated 
dose  amounts  to  4.4*10^/cm2  in  the 
preamorphized  and  4.3*10^/cm2  in  the 
bare  Si  respectively.  The  mobility  is 
60  cm  /v*s  for  both.  It  must  be  pointed 
out  that  the  minimum  carrier 
concentration  detectable  with  accuracy 
by  this  method  is  of  about  5*1017/cm2, 
i.e.  at  least  two  orders  of  magnitude 
higher  than  the  substrate  doping.  The 
location  of  the  junctions  is  then 
determined  by  the  shape  of  the 
concentration  profiles  at  values  lower 
than  lO^/cm^. 

As  an  example  the  B+  profile  cal¬ 
culated  by  SUPREM  is  reported,  as  full 
line,  in  Fig. 2b.  The  tail  is  approxi¬ 
mated  in  the  simulation  by  an  exponen¬ 
tial  decay,  whose  slope  depends  on 
several  parameters,  as  orientation  of 
the  wafer  with  respect  to  the  beam, 
annealing  temperature,  etc.  The  first 
part  of  the  simulated  profile  accounts 
quite  well  for  the  experimental  data; 
but  the  distribution  in  the  tail  cannot 
be  inferred  by  these  measurements,  and 
the  location  of  the  junction  can  be 
only  guessed. 

A  staining  technique  has  been 
adopted  to  measure  the  junction  depth 
and  the  following  results  were  obtained 


after  850  °C  and  950  °C  annealings: 
Xj(850°C)  -  0.32  ^m  and  0.2  pm  in  the 
bare  and  in  the  preamorphized  Si, 
X  j  (950  °C)  -  0.35  -  0.4  >im  and  0.28  - 
0.3  pm  in  the  bare  and  in  the 
preamorphized  Si.  The  accuracy  of  the 
method  is  about  +  0.05  >im.  The  950 
°C  seems  a  good  choice  for  the  annealing 
temperature  because  at  850  °C  a  large 
amount  of  defects  is  still  present  and 
at  higher  temperature  as  1000  °C  for 
few  seconds,  a  considerable  diffusion 
of  the  dopant  occurs. 

The  electrical  behavior  of  the 
formed  p-n  junctions  was  investigated 
by  measuring  the  forward  and  the 
reverse  I-V  characteristics  and  by  the 
leakage  maps  in  diodes  of  0.22  cm2 
area.  The  reverse  cheracter istics  are 
shown  in  Fig.  3  for  the  adopted  thermal 
procedures.  No  pregettering  was  adopted 
for  the  processed  diodes.  The  annealing 
at  950  °C  results  in  a  quite  reasonable 
electrical  behavior.  The  leakage 
current  density  measured  at  a  reverse 
voltage  of  10  v  was  about  100  pA/cm2 
for  both  procedures  (  implantation  in 
bare  Si  or  in  preamorphized  Si).  This 
low  value  is  very  close  to  the 
theoretical  one  and  indicates  that 
defects  and  generation  centres  in  the 
depleted  p-n  junction  are  practically 
absent.  The  forward  I-V  character istcs , 
not  shown,  are  fitted  by  an  ideality 
factor  m  ~  1.02  in  the  exponential 
factor . 

The  leakage  current  maps  were  also 

measured  in  the  processed  5"  wafer  at 

a  reverse  bias  of  15  v.  A  typical  map 

is  reported  in  Fig.  4,  together  with 

the  histogram  of  the  distribution.  The 

density  of  short  circuits  amounts  to 
o 

0.6/cm  .  The  wafer  was  processed  in 
such  a  way  that  a  central  region  of  2" 
diameter  was  preamorphized  with  Ge  and 
then  all  the  wafer  was  implanted  with 
20  KeV  B+.  A  direct  comparison  is  then 
possible  between  preamorphized  and  as 
implanted  diodes. 
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Fig.  3  -  Reverse 
0.22  cm2  diodes 
B+  -  5*10u/cm2. 
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Fig.  4  -  Histogram  and  map  of  leakage 
current  at  -  15  v  of  diodes  annealed  at 
950°C  -  30';  the  two  inches  diameter 
central  region  was  preamorphized  with 
Ge+  implantation. 

The  leakage  map  and  the  distribution 
indicate  that  within  the  experimental 
accuracy  no  significant  difference 
exists  in  the  electrical  behavior  of 
the  diodes  processed  in  the  two  ways. 
This  indicates  that  the  preamorphlza- 


tion  with  Ge  doesn't  deteriorate  with 
the  residual  defects  the  electrical 
response . 
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The  effect  of  high  pressure  steam  oxidation  y.5-1^.7  atm.)  on  phosphorus  extrinsic 
diffusion  in  (111) — and  (100) — silicon  at  700  -970  C  has  been  examined  by  spreading 
resistance  probes  and  e  1 1  ipsome tery .  It  has  been  found  that  the  OED  and  ORD  appear 
at  the  higher  and  the  lower  temperature,  respectively.  The  OED-ORD  transition  point 
is  at  about  880°C  for  40'  in  7.5  atm.  for  ( 1 1 1 )-si 1  icon.  The  difference  in  effective 
diffusion  coefficients  between  oxidation  and  non-oxidation  regions  (D)  is  proportional 
to  (xQ/t)n,  the  power  figure  n  is  related  to  the  oxidation  conditions.  These  results 
can  be  explained  satisfactorily  by  considerations  which  take  into  account  oxidation 
rate  and  concentration  effect  on  phosphorus  diffusion  in  silicon. 


With  the  development  of  VLSI,  the  smaller 
device  dimensions  are  needed.  Therefore  the 
fine  control  of  impurity  profiles  is  more  im¬ 
portant.  The  high  pressure  oxidation  is  an 
excellent  oxidation  process  for  VLSI.  A  preci¬ 
se  understanding  of  the  effect  of  this  oxida¬ 
tion  on  impurity  redistribution  is  a  require¬ 
ment  for  device  processes  and  hjs  important 
significance  for  further  solving  the  physical 
mechanism  of  oxidation  enhanced  diffusion 
(OED)  and  oxidation  retarted  diffusion  (ORD). 

This  paper  reports  that  several  new  pheno¬ 
mena  found  under  the  high  pressure  oxidation 
at  different  from  those  in  atmospherical  oxi¬ 
dation. 

1.  EXPERIMENTAL  CONDITIONS 

Original  silicon  wafers  were  7-15ncm,  p 
type  (100)-  and  (111)-  orientated  single  crys¬ 
tal  silicon.  The  phosphorus  diffusion  were 


performed  with  spj  planar  solid  source  at 
1140°C  for  8'.  After  that  the  surface  phase 
layers  were  removed  with  the  dilute  HF  solu¬ 
tion.  Then  the  Si^N  films  of  1000  A  thick- 
ness  were  deposited  on  the  silicon  surface 
and  subsequently  were  phi  tol ithographical ly 
patterned  into  1  m.m.  wide  parallel  stripes 
so  that  both  the  nonoxidizing  and  oxidizing 
regions  could  be  on  the  same  wafer.  The 
thermal  oxidation  was  carried  out  in  a  high 
pressure  steam  oxidation  system  which  was 
automatically  controlled  by  a  microprocessor. 
Before  and  after  oxidation,  the  spreading 
resistance  profiles  (R-X)  were  measured  by 
ASR-100B  spreading  resistance  probes.  The 
oxide  thickness  (x^)  were  measured  by  a  TP-77 
ellipsometer. 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
The  oxidation  curves  of  (111)— Si  in  7.5 
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FIGURE  1 

Oxidation  curves  of  silicon  in  high  pressure 
steam  at  700  -970  C 


FIGURE  2 

Matched  spreading  resistance  profiles  of 
phosphorus  in  silicon 


atm.  steam  at  700^-970^0  are  given  in  Fig.l. 

It  can  be  seen  that  the  oxidation  rate  (dx^/dt) 
is  very  fast  at  970^,  880^,  780^C,  it  has  run 
in  the  parabolic  oxidation  regime.  While  at 
700*^0,  it  is  in  the  linear  oxidation  regime. 

It  is  implied  that  the  difference  in  impurity 
diffusion  in  silicon  under  high  pressure  and 
atmospherical  oxidation  is  not  due  to  the 
difference  in  the  oxidation  equation,  but  is 
correlative  with  the  oxidant  supply. 

Several  typical  spreading  resistance  pro¬ 
files  for  different  experimental  conditions  are 
shown  in  Fig. 2.  From  2a  and  2b,  it  can  be 
observed  that  the  impurity  distribution  and 

the  ratio  of  the  junction  deepth,  x.  /x .  ,  are 

jo  jn 

related  to  the  crystalline  orientation  of  sam¬ 
ples.  Within  the  pressure  and  the  temperature 
range  used  in  this  experiment,  all  of  the 
phosphorus  diffusion  in  (lOO)-Si  are  retarded 
(ORD),  and  its  diffusion  coeffecients  are  all 
bigger  than  those  of  (lll)-Si  at  the  same  con¬ 
dition.  By  comparing  2c  with  2d,  it  is  obvious 
that  the  effect  of  oxidation  on  diffusion  is 
correlative  with  pressure  (p)  of  oxidant. 

A  plot  of  the  logarithm  of  diffusion  coeffi¬ 
cient  versus  the  reciprocal  of  absolute  tempe¬ 
rature  is  shown  in  Fig. 3  for  phosphorus  in 
( 1 1 1 )-si licon  in  7.5  atm.  Here,  the  diffusion 


coefficients  D^,  were  calculated  from  the 
measured  junction  depths  x^  and  sheet  resis¬ 
tances  in  both  the  oxidation  and  the  nonoxida¬ 


tion  region  according  to  Gaussian  distribution. 
By  doing  so,  the  segragation  effect  of  the 
moving  boundary  in  the  oxidation  region  is 
ignored.  The  validity  has  been  discussed  by 
some  authors  [1,  2,  3].  It  can  be  noted  from 
this  figure  that  D^>  at  the  higher  tempera¬ 
ture  (970°C) ,  that  is  OED.  While  DQ=DN  at  880°C 
for  40',  it  is  the  transition  point  of  OED-ORD. 
When  the  oxidation  time  t  is  over  40'  or  the 
temperature  is  lower  than  880°C,  then  D^D^, 
that  is  ORD.  Another  regular  phenomenon  is  that 
Dg  decreases  as  increasing  the  oxidation  time  t 

at  the  same  temperature,  and  D  also  decreases 
0  ” 

except  for  970  C  so  that  the  enhancement  de¬ 
creases  while  the  retard  increases. 


A  plot  of  AD  versus  time-mean  effective 
oxidation  rate  x^/t  is  shown  in  Fig. 4.  A  result 
of  normal  dry  oxygen  oxidation  given  by 
Y.  Ishikawa  [9]  is  also  plotted  in  the  figure. 
From  Fig. 4,  AD  and  x^/t  have  a  power  relation¬ 
ship  except  for  near  the  transition  point. 


[AD  |  =  A(x0/t)" 


within  the  parabolic  oxidation  region  indicated 
in  Fig. 1 . 
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FIGURE  3 

Diffusion  coefficient  of  phosphorus  in  silicon 
versus  reciprocal  temperature 

xQ/t  =  2(dxQ/dt) 

Thus,  we  have 

|AD|  oc(dxQ/dc)n 

Where,  the  n  is  different  from  the  predictive 
value  (n=l)  of  S.M.Hu  model  [7]  and  the  results 
given  at  normal  oxidation  by  other  authors  [9, 
10].  The  n  can  be  positive  or  negative.  It  is 
depend  on  the  temperature,  pressure,  oxidant 
composition  and  crystalline  orientation  of 
samples.  Particularly  near  the  OED-ORD  transi¬ 
tion  point,  the  n  approaches  infinity  as  a 
limit.  It  means  some  criticality  and  is  well 
worth  notice. 

Another  interesting  phenomenon  is  the  rela¬ 
tionship  of  dq/dn  -  "if  plotted  in  Fig. 5.  The 

right  half  is  our  result  in  7.5  atm.,  but  the 
left  half  was  obtained  in  dry  0^  by  Francis  and 
Dobson  [11].  When  the  temperature  is  increasing 
from  700^C  to  near  1300^C,  it  undergoes  two 
transitions  from  ORD  to  OED  and  again  from  OED 
to  ORD.  By  comparing  it  with  the  relationship 
of  the  length  of  oxidation  Induced  stacking 
faults  (OSF)  Vs  1/T  of  Fig. 6,  it  can  be  found 
immediately  that  OSF  also  undergoes  two  transi- 


FIGURE  4 

Oxide  growth  rate  dependence  of  D  of 
phosphorus  in  silicon 

tions  from  the  shrinkage  to  the  growth,  again 
to  the  shrinkage  in  the  similar  temperature 
range.  These  results  verify  once  again  that 
OED  (ORD)  and  OSF  are  two  behaviours  coming 
from  a  same  physical  process  -  the  injection 
of  non-equilibrium  point  defect,  and  the 
phosphorus  diffusion  in  silicon  is  mainly  via 
interstitialcy  mechanism. 

The  measured  effective  diffusion  coeffi¬ 
cient  (D)  may  be  considered  to  be  a  superposi¬ 
tion  of  three  physical  effects:  the  Fick 
effect  Di,  the  concentration  effect  ADc  and 
the  surface  oxidation  effect  AD0>  that  is 

D  =  Di  +  ADc  +  AD^ 

In  the  nonoxldatlon  region,  aDq=0.  Also 

ADc(970°C)  =0,  since  the  surface  impurity  con- 
19  -3 

centration  (1.3x10  cm  )  is  lower  slightly 
than  the  intrinsic  carrier  concentration  in 
silicon  at  970°C.  Thus,  DN(970^C)=Di  and  has 
no  change  with  t.  While  below  970  C,  ADcitO  and 
change  with  t,  and  so  do  the  DN>  In  the  oxida¬ 
tion  region,  there  are  both  ADc  and  aDq. 
Strictly  speaking,  ADc  and  ADq  effect  each 
other  [4].  But,  as  a  first  approximation,  we 
can  assume  [5,  6]  ADc(0):*ADc(N) ,  then 
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FIGURE  5 

Ratio  of  the  diffusion  coefficients  (D./D,,) 

.  ON 

versus  reviprocal  temperature 

AD=Dq-D^=aDq ,  that  is,  the  measured  AD  can  be 
approximately  considered  to  be  the  result  from 
oxidation  solely. 

The  ADp,  as  has  been  recognized  [7,  8],  come 
from  non-equilibrium  point  defect  injection 
into  silicon  caused  by  oxidation  reaction  at 
Si02-Si  interface.  In  turn,  the  point  defect 
injection  would  be  dependent  upon  the  relative 
rate  between  the  diffusion  transporting  of 
oxidant  at  SiO^-Si  interface  and  the  reaction 
consuming  of  it  at  the  interface.  This  suggests 
that  the  lack  and  the  excess  of  oxidant  at  the 
interface  result  in  interstitail  and  vacancy 
injection,  and  so  for  OED  and  ORD  of  phosphorus. 
The  pressurizing  is  in  favour  of  oxidant  trans¬ 
porting,  the  decrease  of  temperature  and  the 
increase  of  time  result  in  retard  of  interface 
reaction,  hence  ORD  is  favoured.  In  a  similar 
way,  the  difference  in  oxidant  composition  and 
crystalline  orientation  also  has  effects  on 
OED  (ORD). 

In  summary,  the  result  of  high  pressure 
oxidation  shows  that  the  phosporus  diffusion 
can  be  enhanced  or  retarded,  it  is  dependent 
upon  the  oxidation  condition. 
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SHALLOW  JUNCTION  FORMATION  USING  CoSi2  AS  A  DIFFUSION  SOURCE 


V.  Probet1,  P.  Lippenj,  L.  V«n  den  hove,  K.  Maex,  H.  Schaber*  and  R.  De  Keeramaecker 

Interunivernty  Microelectronics  Center  (1MEC  v.r.w.),  Kapeldreef  75,  B-3030  Leuven,  Belgium 
♦SIEMENS  AG,  Central  Research  and  Development,  Otto- Hahn-Ring  6,  D-8000  Munchen  63,  BRD 

Thin  layers  of  CoSi2  (120  nm)  were  used  as  a  source  for  B  and  As  diffusion  in  order  to  form  shallow  steep 
junctions  with  high  interface  concentration.  SIMS  depth  profiling  as  well  as  two-dimensional  characterisa¬ 
tion  of  the  indiffusion  demonstrate  the  power  fo  this  technique  over  a  wide  range  of  temperatures  and  times. 
Diodes  with  a  high  yield  and  a  very  low  leakage  current  density  (~1  nA/cm2)  prove  the  reliability  of  the  process. 


1.  INTRODUCTION 

The  shrinking  of  device  dimensions  in  integrated  circuits 
necessitates  a  significant  reduction  of  junction  depths  towards 
the  0.1/im  scale.  In  order  to  improve  device  and  circuit  speed, 
however,  parasitic  elements  such  as  series  resistance  have  to  be 
reduced  as  well.  These  two  requirements  cannot  be  satisfied 
simultaneously  by  conventional  junction  formation  processes, 
nor  by  dopant  diffusion  from  poly-Si  such  as  applied  e  g.  in 
self-aligned  bipolar  devices  [I],  Silicides,  on  the  other  hand, 
are  proven  to  be  successful  in  order  to  reduce  the  contact 
and  sheet  resistances.  The  silicidation  of  extremely  shallow 
diodes,  however,  requires  special  attention.  When  the  con¬ 
ventional  silicidation  of  preformed  shallow  junctions  is  applied, 
the  diode  yield  decreases  drastically  with  decreasing  junction 
depth/silicide  thickness  ratio  [2].  Therefore,  the  diffusion  of 
dopants  from  the  silicide  into  the  silicon  is  an  attractive  al¬ 
ternative  to  this  process  (3|.  Besides  the  benefit  of  avoiding 
direct  implantation  of  dopants  into  the  single-crystal  silicon, 
the  proposed  method  of  junction  formation  is  expected  to  be 
'self-adjusting'  to  the  silicide/silicon  interface  shape  which  has 
a  certain  degree  of  roughness  Therefore,  junction  shortage  due 
to  inhomogeneous  silicidation  can  be  avoided. 

2.  EXPERIMENTAL 

In  this  work,  CoSi2  was  used  as  a  source  for  B  and  As  dif¬ 
fusion  into  mono-Si.  In  order  to  study  the  fundamental  char- 
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acteristics  of  this  diffusion  source,  the  CoSi2-salicide  process, 
as  described  in  [2],  was  applied  first  on  unpatterned  Si-wafers. 
After  formation  of  120  nm  CoSi2  at  700°C  for  30  s  (RTP), 
the  desired  dopant  was  implanted  into  the  silicide  with  a  dose 
of  5.E15  cm'2.  Simulations  using  the  program  TRIM85  [4] 
were  used  to  determine  a  suitable  implantation  energy  assuring 
confinement  of  the  implant  within  the  CoSi2-layer  (20  keV  in 
the  case  of  B,  50  keV  for  As).  Prior  to  the  diffusion  step,  the 
silicide  was  capped  with  200  nm  of  CVD-SiO?  in  order  to  pre¬ 
vent  dopant  loss  to  the  ambient.  The  diffusion  cycle  was  either 
performed  in  a  conventional  furnace  or  in  a  rapid  thermal  pro¬ 
cessing  system  (RTP),  in  order  to  test  the  diffusion  behaviour 
and  stability  of  the  CoSi2-source  over  a  wide  range  of  temper¬ 
atures  and  times. 

In  a  second  experiment  shallow  silicided  n+-p  and  p+- 
n  diodes  were  fabricated  using  the  diffusion  of  dopants  from 
CoSi2.  Active  areas  were  defined  by  a  conventional  LOCOS- 
technique.  The  silicidation,  implantation  and  diffusion  steps 
were  carried  out  following  identical  conditions  as  for  the  unpat¬ 
terned  wafers.  Then  a  CVD-oxide  was  deposited  and  contact 
windows  were  opened.  Ti/W  was  used  as  a  diffusion  barrier 
between  the  silicide  and  the  Al-metai  layer.  Finally,  a  sintering 
in  forming  gas  at  450°C  for  30  min  was  carried  out. 

3.  RESULTS 

Four-point  probe  measurements  were  performed  between 
the  processing  steps  to  check  the  change  in  CoSi2  sheet  resis¬ 
tance.  Due  to  implantation  damage,  the  initial  sheet  resistance 
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of  1.25  Cl /a  after  silicidation  [2]  increased  to  5  fl/O  in  the  case 
of  8  implantation  and  3  Cl/ D  for  As.  The  subsequent  diffusion 
steps  anneal  this  implantation  damage  and  cause  the  complete 
recovery  of  the  CoSij  sheet  resistance  (e.g.  1.1  Cl/O  after 
950°C  anneal  for  30  min),  which  is  in  good  agreement  with  [5]. 

The  diffusion  of  the  dopants  in  the  silicide  was  measured 
by  secondary  ion  mass  spectrometry  (SIMS).  Figure  1  shows 
the  as-implanted  B  profile  in  comparison  with  the  800*0/30 
min  diffusion  step.  Due  to  the  fast  diffusion  of  B  in  CoSi;  at 
that  temperature  a  complete  equidistribution  has  taken  place 
in  the  silicide  at  a  concentration  level  of  about  3.E20  cm-3 .  At 
the  interface  to  the  SiOj-layer,  boron  tends  to  segregate  (SiOj 
was  etched  off  prior  to  SIMS  measurement). 


FIG.  1:  Boron  profiles  measured  by  SIMS:  as-implanted 
and  diffused  out  of  CoSi2  at  800°C  for  30  min. 


In  fact,  more  important  for  device  applications  is  the  indif¬ 
fusion  of  the  dopants  from  the  silicide  into  the  mono-Si.  Espe¬ 
cially  the  temperature-dependent  junction  depth  and  interface- 
concentration  are  of  main  interest  for  scaling  and  contact- 
resistance  respectively.  In  order  to  exclude  matrix-effects  during 
SIMS-measurement  and  to  avoid  limitations  in  depth  resolu¬ 
tion,  the  CoSij  was  selectively  removed  from  the  mono-Si  by 
etching  in  25  %  HF.  Figure  2  shows  the  indiffusion  of  boron 
from  CoSi2  for  different  heat-cycles.  Junction  depths  from  100 
nm  (for  800°C/120  min)  to  500  nm  (for  1100°C/60  s)  and 
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FIG.  2:  SIMS-profiles  of  B-indiffusion  from  CoSij  at  dif¬ 
ferent  heat  cycles. 

interface-concentrations  between  3.E19  cm-3  (at  950°C)  and 
8.E19  cm-3  (at  1100°C)  show  the  reliability  of  CoSi2  as  a  diffu¬ 
sion  source  over  a  wide  temperature  and  time  range.  A  junction 
depth  of  about  200  nm  can  either  be  achieved  by  950°C/30  min 
furnace  anneal  or  by  1050°C/10  s  RTP.  As  expected,  the  sur¬ 
face  concentration  is  higher  for  the  RTP  sample.  The  same 
tendency  is  shown  in  fig.  3  for  As-indiffusion.  However,  due 
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FIG.  3:  SIMS-profiles  of  As-indiffusion  from  C0S12  at  dif¬ 
ferent  heat  cycles. 


to  the  lower  diffusivity  of  As  in  mono-Si  [7],  the  As-junctions 
are  shallower  than  the  B-junetions  formed  at  equivalent  condi¬ 
tions.  Interface  concentrations  between  2.E20  cm-3  and  3.E20 
cm-3  were  achieved  for  As  at  950°C  and  1100°C,  respectively. 
In  general,  the  indiffusion  behaviour  of  B  and  As  from  CoSi2 
is  very  similar  to  the  indiffusion  from  poly-Si  [6],  [7].  Slight 
deviations  in  the  interface  concentrations  could  be  due  to  the 
different  segregation  behaviour  or  solid  solubility  of  dopants  in 
CoSi2  which  requires  additional  experiments. 

SIMS-depth  profiling  on  shallow  junctions  (<  50  nm)  (e.g. 
800°C/120  min  As-indifFusion)  need  special  measurement  con¬ 
ditions  such  as  low  energy  primary  ion  beam,  which  increases 
measuring  time  drastically.  For  determination  of  the  junction 
depth  only,  the  method  of  bevel  and  staining  (BS)  is  more  ef¬ 
ficient  on  these  samples.  Table  1  gives  a  summary  of  the  junc¬ 
tion  depths  obtained  for  B  and  As  for  various  annealing  condi¬ 
tions,  measured  with  SIMS,  BS  and  spreading  resistance  probe 
(SRP).  Taking  into  account  that  these  independent  methods 
yield  junction  depths  at  different  doping  levels,  a  good  agree¬ 
ment  is  obtained  between  the  different  results  which  proves  the 
reliability  of  the  data. 
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TABLE  1:  Comparison  of  junction  depths  obtained  by 
indiffosion  from  CoSi2  and  measured  with  SIMS,  SRP, 
bevel  and  staining  (BS). 

An  important  issue  is  the  lateral  homogeneity  of  the  junc¬ 
tion.  Since  the  mentioned  analysis  methods  give  one-dimensional 
information  (averaged  over  a  large  sample  area)  only,  SEM 
was  applied  on  selectively  etched  cross-sections  to  visualize  the 
CoSi2-grain$  and  the  two-dimensional  shape  of  the  diffusion 
front  with  high  resolution  (at  a  dopant  concentration  of  about 
5.E18cirr3). 

Figures  4a  and  4b  give  examples  for  the  case  of  B-diffusion 
at  900°C/30  min  and  1050°C/30  s  respectively,  The  CoSi2- 


FiG.  4a:  SEM-cross-section  showing  the  CoSi'2/Si  inter¬ 
face  and  the  diffusion  front  for  the  boron  diffusion  at 
900°C,  30  min.  FIG.  4b:  SEM-cross-section  for  boron 
indiffusion  at  1050°C  for  30  s.  FIG.  4c:  SEM-cross- 
section  showing  CoSi2-’globules'  surrounded  by  the  dif¬ 
fusion  front  for  As-diffusion  at  1100°C,  60  s. 

grains,  the  interface  to  the  mono-Si  and  the  diffusion  region  are 
clearly  seen.  These  micrographs  reveal  that  the  diffusion  front 
follows  the  CoSi2/Si  interface  at  a  nearly  constant  distance. 
The  explanation  for  this  self-adjusting  mechanism  is  similar  to 
that  for  the  poly-Si  diffusion  source  in  ref.  7.  The  CoSi2/Si 
interface  itself  behaves  like  a  grain  boundary  with  high  diffu- 
sivity.  The  dopants  are  mainly  supplied  by  the  vertical  grain 
boundaries,  but  also  from  the  bulk  of  the  CoSi'2  [8],  Reaching 
the  interface,  they  immediately  redistribute  in  the  lateral  grain 
boundaries  before  slowly  diffusing  into  the  mono-Si. 

Figures  4a-4b  also  show  that  the  lateral  growth  of  the 
CoSi2-grains  from  dg  ~  0.3  pm  at  900° C/ 30  min  to  dg  ~ 
0.6  pm  at  1050°C/30  s  is  accompanied  by  a  local  conglomera¬ 
tion  of  the  silicide.  This  in  consequence  causes  a  temperature- 
dependent  local  change  in  thickness  and  an  increase  of  the 
interface-roughness  from  about  50  nm  at  900°C/30  min  to 
about  140  nm  at  1100<’C/60  s.  This  is  even  more  pronounced 
in  the  case  of  As-doping,  where  the  CoS^-layer  has  balled  up 
locally  after  a  heat  cycle  of  1100°C/60  s.  However,  even  this 
extreme  case  confirms  the  self-adjusting  mechanism  of  indiffu- 
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s»on  by  showing  the  CoSi2- 'globules'  surrounded  by  the  diffu¬ 
sion  front. 

Figure  5  gives  a  typical  UV  (forward  and  reverse)  character¬ 
istic  of  diodes  formed  by  a  diffusion  of  B  or  As  at  800*C/120 
min  in  N2.  Table  2  summarizes  the  average  leakage  current 
density  for  several  diffusion  conditions  (devices  with  leakage 
current  density  higher  than  20  nA/cm2  were  considered  defec¬ 
tive).  Even  for  the  highest  temperature  cycles  (1100°C)  where 
the  silicide  has  balled  up  locally  (fig.  4c)  leakage  currents  as 
low  as  1  nA/cm2  (at  5  V  reverse  bias)  were  observed.  This 
also  indicates  that  the  generation  of  trap  centers  related  to  Co 
in  the  space  charge  region  must  be  much  less  pronounced  than 
expected  from  diffusion  length  (about  160  pm)  and  solid  solu¬ 
bility  (about  I.E15  cm" ')  (9}  of  Co  in  Si  at  1100°C/  60  s.  Due 
to  the  non-planar  shape  of  the  junction  (fig.5) ,  the  breakdown 
voltage  is  expected  to  decrease  (10].  However,  no  difference 
was  seen  in  comparison  with  the  values  obtained  from  the  non- 
silicided  control  devices  (20  V  for  As,  30  V  for  B  ). 
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FIG.  5:  l-V  characteristic  of  n+/p-diode:  As  diffused  out 
of  CoSi2  at  800°C  for  120  min. 


TABLE  2:  Comparison  of  leakage  current  and  yield  for 
B  and  As- diodes  farmed  by  indiffusion  from  CoSi2. 


4.  CONCLUSIONS 

It  is  demonstrated  that  CoSi2  is  a  very  useful  and  flexi¬ 
ble  diffusion  source  for  arsenic  and  boron.  SIMS-analyses  show 
that  shallow  as  well  as  deep  junctions  with  high  interface  con¬ 
centrations  can  be  obtained  by  furnace  anneal  and  RTA.  Two- 
dimensional  analyses  of  the  diffusion  (SEM)  reveal  an  interface- 
related  self-adjustment  of  the  diffusion  front  which  avoids  junc¬ 
tion  shortage  due  to  inhomogeneous  silicidation.  Diodes  formed 
by  B  or  As  indiffusion  from  CoSi2  show  ideal  forward  and  re¬ 
verse  characteristics  with  very  good  yield  even  for  extremely 
shallow  junctions  of  40  nm  (As)  and  100  nm  (B). 
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SEMIROX  bird's  beaks  wars  processed  for  different  sets  of  parame¬ 
ters  including  variation  of  the  buffer  oxide  thickness,  nitride 
thickness  and  temperature.  A  numerical  simulator  is  used  to 
discuss  two-dimensional  stress-and  diffusion  effects. 


1*.  IHTMPgCTIOH 

For  many  standard  oxidation  processes 
it  can  be  observed  that  the  oxidation 
rate  is  strongly  stress-dependent.  A 
Qualitative  description  of  this  effect 
has  been  given  in  [1,2].  The  first 
effort  for  a  Quantitative  analysis  of 
this  effect  was  made  in  [4]  where  cir¬ 
cular  etched  silicon  structures  were 
oxidized  and  the  oxide  thickness  was 
measured  as  a  function  of  the  radius. 
By  using  rotational  symmetry  the  actual 
two-dimensional  problem  was  reduced  to 
one  dimension  and  thus  could  be  de¬ 
scribed  by  an  ordinary  differential 
equation.  In  [4]  the  different  oxida¬ 
tion  rates  for  concave  and  convex  cor¬ 
ners  were  attributed  mainly  to  a  pres¬ 
sure  dependence  of  the  viscosity  thus 
allowing  no  conclusion  on  the  behaviour 
of  oxidant  diffusion  under  stress. 

As  will  be  shown  in  the  next  section 
the  length-to-width  ratio  of  a  bird’s 
beak  is  a  function  of  the  diffusion 
cceff icient/reaction  constant  ratio. 
Thus  the  bird's  beak  experiment  pro¬ 
vides  better  orthogonality  between  the 
oxygen  diffusion  and  reaction  because 
it  delivers  as  results  not  only  the 
oxide  thickness  but  also  the  length-to- 
width  ratio  of  the  under-diffuaion 
region. 


2j_  DIFFUSION  EFFECTS 

In  [3]  it  was  shown  by  a  simple  Quali¬ 
tative  model  that  the  length  of  the 
bird's  beak  grows  with  increasing 
buffer  oxide  thickness  and  diffusion 
constant  and  drops  with  increasing 
reaction  rate.  In  this  case  the  under¬ 
diffusion  of  the  mask  via  the  buffer 
oxide  was  considered. 


FIG.  1:  Typical  bird's  beak  geometry. 
The  start  of  the  under-diffusion-region 
is  defined  to  be  the  position  where  the 
oxide  thickness  reaches  z*+zi»/10.  The 
width  of  this  region  is  measured  at  the 
mask  edge. 

Exact  numerical  values  for  the  depen¬ 
dence  of  the  bird's  beak  length  on  D, 
K,  and  z*  can  be  extracted  from  numeri¬ 
cal  simulation  only.  For  this  purpose  a 
geometrical  definition  of  the  width-to- 
length  (w/1)  ratio  was  defined  accor¬ 
ding  to  Fig.  1.  For  the  numerical  simu¬ 
lation  the  Deal-Grove  model  was  ex- 
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tended  to  two  dimensions  by  using  tbs 
Finite  Element  sat hod.  Viscous  flow  was 
assumed  for  oxide  deformation. 

Fig.  4  shows  that  the  dependence  of 
the  w/l-ratio  on  buffer  oxide  thickness 
is  linear  whereas  it's  dependence  on 
the  reaction/diffusion  (k/D)  ratio  ex¬ 
hibits  a  rather  nonlinear  behaviour 
(Fig.  2). 


FIG.  2:  The  w/1  ratio  of  a  bird's  beak 
depending  on  the  reaction 

rate/diffusion  coefficient  ratio.  (The 
linear  and  parabolic  growth  rates  are 
related  to  these  constants  by  ki /k#  - 

k/20) 

i*.  anm  anta 

The  shape  of  the  bird's  beak  is  in¬ 
fluenced  by  mechanical  stress.  The  two 
mechanisms  involved  are: 

-  direct  deformation  of  the  oxide  by 
pressure  exerted  by  the  nitride  mask 

-  stress-dependent  coefficients  (Dif¬ 
fusion,  reaction,  viscosity  etc.) 


The  second  set  of  mechanisms  has  been 
observed  b  ’  various  workers  but  a  quan¬ 
titative  model  has  been  given  only  by 
Kao  [4] .  The  coefficients  of  the 
governing  equations  are  dependent  on 
mechanical  stress  by  a  Boltzmann  type 
relationship. 

(1)  k*  ■  k.  exp(-o»Vk/kT 
D  ■  D.  exp(-pVn/kT) 

C*  ■  C*»  exp(-pVc/kT) 

M  *  U.  exp(o(T)p) 

c«  denotes  the  normal  stress  at  the  Si- 
SiOt  interface,  p  the  hydrostatic  pres¬ 
sure,  C*  the  saturation  concentration 
and  p  the  viscosity  of  the  oxide.  The 
V's  ere  denoted  as  activation  volumes. 


a*.  mmna 

In  this  work  <100>  lightly  n-doped  (5- 
20  Qcm)  silicon  wafers-  were  cleaned  and 
oxidized  in  dry  Ox  to  form  a  buffer 
oxide  between  100  and  800  A.  Silicon 
nitride  of  a  thickness  between  200  and 
2000  A  was  deposited.  After  chemically 
etching  the  nitride  a  wet  oxidation  was 
performed  at  temperatures  between  900 
and  1100  • C .  The  TEM  preparation  of  the 
cross  section  was  performed  by  mecha¬ 
nical  lapping  end  successive  ion  et¬ 
ching. 


5,  VARIATION  Or  PAD  OKIDK  THICKNESS 

Samples  were  fabricated  with  various 
pad  oxide  thicknesses  at  1000* C  oxida¬ 
tion  temperature  with  e  1200  A  nitride 
mask.  Qualitatively  the  profiles  behave 
as  expected  and  show  reduced  under-dif¬ 
fusion  for  lower  pad-oxide  thicknesses. 
However  a  quantitative  comparison  be- 
twesn  measurement  and  stress-free  simu- 
1  cion  shows  that  the  measured  bird ' s 
beaks  hsve  the  tendency  to  be  longer 
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and  flatter  than  the  simulated  pro¬ 
files.  The  agreement  is  quite  good  for 
a  large  pad  oxide  thickness  (Fig.  3a) . 
However  for  small  pad  oxide  thicknesses 
the  difference  is  clearly  visible  (Fig. 
3b) .  In  Fig.  4  the  w/1  ratios  of  mea¬ 
sured  and  simulated  bird's  beaks  are 
plotted  against  the  buffer  oxide  thick¬ 
ness.  The  comparison  with  the  stress- 
free  simulation  case  shows  that  the 
differences  increase  with  shrinking 
buffer  oxide  thickness. 


coapressive  hydrostatic  pressure  is 
dominating  throughout  the  under -di f- 
fusion-region.  The  aask  effect  becomes 
weaker  for  thick  pad  oxides.  The  mask 
is  only  slightly  bent  and  seems  to 
enhance  the  region  of  tensile  pressure 
shown  by  numerical  calculation.  Nonthe- 
less  a  reduced  value  of  the  reaction 
rate  can  still  be  observed. 


h.  XMfll&ifia  fit  Nitride  Thickness 

To  investigate  mechanical  effects  sam¬ 
ples  were  fabricated  with  different 
nitride  thicknesses  at  different  tempe¬ 
ratures.  A  direct  deformation  of  the 
oxide,  which  leads  to  an  assymetric 


no.  6:  Effect  of  nitride  aask,  2000  A: 
direct  deforaation  at  1100  *C  (a), 
influence  via  reduced  reaction  rate  at 
950*  <b> 


profile  could  only  observed  for  the 
maximum  nitride  thickness  (2000A)  at 
1100*  (Fig.  6a) .  For  the  same  nitride 
thickness,  but  lower  temperature  this 
effect  is  much  less  pronounced  (Fig. 
6b) .  This  is  due  to  the  fact  that  the 
oxide  becomes  softer  as  compared  to  the 
nitride  for  high  temperatures.  In  the 
second  case  the  mask  acts  only  indi¬ 
rectly  through  stress-induced  reduction 
of  the  reaction  rate.  This  results  in 
stronger  under-diffusion  and  thus  leads 
to  a  very  long  bird's  beak. 


CONCLUSION 

Extensive  experimental  data  concerning 
the  influence  of  technology  parameters 
on  the  shape  of  MOS  field  oxide  were 
obtained  and  characterized.  Oxide 
growth  is  strongly  influenced  by  mecha¬ 
nical  effects.  It  was  shown  that  the 
influence  of  stress  on  the  reaction 
rate  plays  the  main  role.  In  addition 
the  diffusion  coefficient  is  enhanced 
significantly  for  some  cases.  Quanti¬ 
tative  data  on  these  effects  were  ex¬ 
tracted. 
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Monte  Carlo  simulations  are  perfectly  suited  to  check  the  validity  of  simple  models.  We  investi¬ 
gate  3  models:  First,  we  show  that  ID  models  for  the  implantation  into  multilayer  targets  give 
reasonable  results  only  if  the  stopping  powers  of  mask  and  bulk  material  are  similar.  Secpnd, 
we  discuss  the  construction  of  2D  point  responses  from  ID  profiles.  Third,  we  show  that  the 
method  of  superposing  point  responses  at  mask  edges  may  fail  in  some  cases. 


1.  INTRODUCTION 

The  Monte  Carlo  method  is  known  to  be  the  most 
powerful  tool  for  the  simulation  of  ion  implantation. 
Analytical  models,  however,  require  much  less  CPU 
times  and  allow  easy  consideration  of  experimental 
data.  The  latter  is  particularly  important  because 
Monte  Carlo  simulations  usually  assume  amorphous 
targets  so  that  they  do  not  always  yield  correct  pro¬ 
files  for  implantations  into  c-ystalline  targets  (lj. 

As  simple  models  are  usually  based  on  physical  con¬ 
siderations  and  Monte  Carlo  simulations  take  physics 
most  accurately  into  account  (apart  from  the  assump¬ 
tion  of  amorphous  targets),  Monte  Carlo  simulations 
are  perfectly  suited  to  check  the  validity  of  these  sim¬ 
ple  models.  In  particular,  we  will  investigate  in  this 
paper  ID  models  for  the  implantation  into  multilayer 
targets  (Chapter  2),  the  construction  of  2D  point  re¬ 
sponses  from  ID  profiles  (Chapter  3),  and  the  method 
of  superposing  point  responses  to  obtain  dopant  dis¬ 
tributions  near  mask  edges  (Chapter  4). 

Our  Monte  Carlo  program  is,  from  a  physical  point 
of  view,  similar  to  the  well  known  program  TRIM  (2|. 
One  mayor  difference  of  our  code  is  that  we  evaluate 
scattering  angles  by  interpolation  in  a  precomputed 
table.  The  2D  simulations  have  been  performed  with  a 
code  which  allows  arbitrary  geometries.  Both  features 
are  described  in  Ref.  |3|. 

2.  IMPLANTATION  INTO  MULTILAYER 

TARGETS 

In  a  recent  paper  |4),  Ryssel  discussed  5  models  for 
the  implantation  into  multilayer  targets.  These  models 


consider  3  situations: 

1)  Implantation  into  bare  material  1  (concentration 
profile  Ci(x)). 

2)  Implantation  into  bare  material  2  (concentration 
profile  C2(x)). 

3)  Implantation  into  a  mask /bulk  structure  with  given 
mask  thickness  d,  where  the  mask  material  is  ma¬ 
terial  1  and  the  bulk  materia)  is  material  2  (con¬ 
centration  profile  C(x)). 

The  purpose  of  the  models  is  to  construct  C(x)  from 
Ci(x)  and/or  C2(x).  Ci(x)  and  C2(x)  may  be  ob¬ 
tained  by  simulations  as  well  as  by  experiments.  The 
models  read: 


C(x)  = 


Ci(x) 

a  ■  C,  (i  -  J .  (l  -  Ja)) 


j  Cl(z) 

i  C2(x~(d-d')) 


x  <  d 
x  >  d 

x  <  d 
x  >  d 


(1) 

(2) 


<*(*“*•  (l- jj*))  *>d 


C{x) 


x<d 


Ci(z) 

x  <  d 

C(x)  =  ■ 

A/?,,  2 

Cl 

•  x  - 

x  >  d 

-d  -  ( 

£  (Jr*  _  1 

a  V 

)) 

(5) 


a  in  (1)  and  d!  in  (2)  are  adjusted  in  such  a  way  that 
/  C(x)dx  =  /  Ci(x)dx  (=  /  C2(x)dx),  what  is  auto¬ 
matically  fulfilled  in  Models  3,  4,  and  5.  Rpi,  Rp2 
denote  the  mean  projected  range  and  A Rpi,  A  Rp2  the 
standard  deviation  of  C\(x),  C2(x). 

Ryssel  gave  qualitative  arguments  in  favour  of 
Model  1.  To  investigate  the  models  quantitatively,  we 
have  calculated  Ci(x),  C2(x)  and  C(x)  by  Monte  Carlo 
simulations  and  then  constructed  C(x )  from  Ct(i)  and 
C2(x)  by  applying  one  of  the  Models  1-5.  Comparing 
the  two  versions  of  C(x),  one  can  easily  see  how  good 
the  models  are. 

Two  examples  are  shown  in  Fig.l  and  Fig. 2.  Fig.l 
shows  good  agreement  between  Model  1  and  Monte 
Carlo  results  for  an  As-impiantation  into  Si02/Si.  In 
Fig.2  can  be  seen,  however,  that  the  model  fails  com¬ 
pletely  for  a  Be-  implantation  into  Si02/GaAs.  In 
this  case  the  profile  in  bare  Si02  would  describe  the 
profile  in  Si02/GaAs  much  better  than  the  profile  con¬ 
structed  by  Model  1.  This  indicates  that  the  models 
fail,  if  mask  and  bulk  material  have  very  different  stop¬ 
ping  powers  like  Si02  and  GaAs. 

To  confirm  this  result,  we  have  performed  simula¬ 
tions  for  B-,  As-,  Sb-,  and  Be-,  Si-,  Zn-  implantations 
into  Si02/Si  and  Si02/GaAs,  respectively,  at  3  differ- 


deplh  [pm] 

FIGURE  1 

As-implantation  into  Si  through  a  Si02  mask. 
dashed  line:  Monte  Carlo  profile  in  Si02/Si. 
full  line:  Profile  in  Si02/Si  due  to  Model  1,  con¬ 
structed  from  Monte  Carlo  profiles  in  bare  Si02  and 
bare  Si. 


ent  energies  and  for  3  values  of  the  mask  thickness. 
P-implantations  have  not  been  considered  because  P- 
proftles  in  Si02  and  Si  are  almost  identical.  The  ener¬ 
gies  are  usually  30  keV,  100  keV,  and  500  keV  (10,  80, 
500  for  B  and  Be),  the  values  for  the  mask  thickness 
about  \Rj,  (“thin”),  ^R?  (“medium"),  \Rp  (“thick”). 
In  order  to  present  the  results  in  a  compact  manner, 
we  have  introduced  4  degrees  (cf.  Tab.l  and  Tab.2): 
“good”  means  that  the  profiles  deviate  in  depth  far  less 
than  10%,  “fair”  means  less  than  10%,  “poor”  more 
than  10%.  “catastrophic"  has  been  introduced  to  in¬ 
dicate  that  one  of  Ci(x),  C2(x)  would  represent  the 
profile  in  the  mask/bulk  structure  better  than  C(x)  as 
calculated  from  the  model. 

In  Tab.l  and  Tab.2  there  is  listed  for  each  mask 
thickness  and  each  model  the  number  of  cases  with 
good,  fair,  poor,  and  catastrophic  agreement.  (Note 
that  the  sum  of  each  column  is  9,  as  we  have  3  ion 
species  at  3  energies).  In  Tab.l,  which  is  for  Si02/Si, 
it  can  be  seen  that  the  general  agreement  is  quite  good, 
however,  only  Models  1  and  3  are  always  “good”  or 
“fair”,  and  Model  1  is  slightly  better  than  Model  3, 
in  agreement  with  Ryssel  (4).  On  the  other  hand,  all 
models  completely  fail  for  Si02/GaAs  (Tab.2).  Only 
for  thin  masks  Model  3  gives  good  results. 


depth  [pm] 

FIGURE  2 

Be-implantation  into  GaAs  through  a  Si02  mask, 
da shed  line:  Monte  Carlo  profile  in  Si02/GaAs. 
full  line:  Profile  in  Si02/GaAs  due  to  Model  1,  con¬ 
structed  from  Monte  Carlo  profiles  in  bare  Si02  and 
bare  GaAs. 

dotted  line:  Monte  Carlo  profile  in  bare  Si02. 
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mask 

model 

thin 

1  2  3  4  5 

medium 

1  2  3  4  5 

thick 

1  2  3  4  5 

good 

9  4  9  7  1 

6  5  5  3  5 

9  9  4  1  9 

fair 

-  3  -  2  2 

3  4  4  1  4 

-  -  5  2  - 

poor 

-  1  -  -  6 

...  5  - 

...  6  - 

catastrophic 

-  1  -  -  - 

TABLE  1 

Number  of  cases  with  good,  fair,  poor,  and  catas¬ 
trophic  agreement  for  implantations  into  SiO-^/Si. 


thin 

1  2  3  4  5 

medium 

1  2  3  4  5 

thick 

1  2  3  4  5 

good 

3  -  6  2  - 

fair 

2  -  2  -  - 

3  -  1  -  - 

poor 

-  2  -  3  - 

3  13  11 

1  1  1  -  - 

catastrophic 

4  7  14  9 

3  8  5  8  8 

8  8  8  9  9 

TABLE  2 

Number  of  cases  with  good,  fair,  poor,  and  catas¬ 
trophic  agreement  for  implantations  into  SiO^/GaAs. 


depth  [pm] 

FIGURE  3 

Depth  dependence  of  the  lateral  standard  deviation  for 
Be  in  GaAs  (100  keV). 


3.  CONSTRUCTION  OF  POINT  RESPONSES 
FROM  ID  PROFILES 

Responses  t r,  punctiform  beams  play  an  important 
role  in  the  Superposition  Method  (see  Chapter  4).  For 
a  long  time  it  was  believed  that  one  parameter,  namely 
the  lateral  standard  deviation,  would  be  enough  in¬ 
formation  to  construct  the  2D  point  response  C(i,y) 
from  the  ID  profile  Cwrt(x).  This  was  simply  done  by 
multiplying  Cuer((i)  with  the  lateral  Gaussian  func¬ 
tion  gauss(y)  given  by  ov: 

C(x,y)  =  Cvert(x)  ■  gauss(y)  (6) 

This  means  that  the  lateral  profile  at  any  depth  is  a 
Gaussian  function  with  fixed  standard  deviation.  In  a 
previous  paper  |5|  we  have  shown  that  this  is  not  true 
for  Si-targets.  The  lateral  standard  deviation  depends 
strongly  on  the  depth,  and  also  the  lateral  profile  is 
not  always  well  represented  by  a  Gaussian  function. 

We  have  now  investigated  GaAs-targets,  and  we 
found  quite  the  same  behaviour  as  for  Si:  For  light 
ions  (Be)  the  lateral  standard  deviation  decreases  with 
depth  (Fig. 3)  and  the  lateral  kurtosis  is  smaller  than  3. 
For  heavy  ions  (Zn)  the  standard  deviation  increases 
with  depth  and  the  kurtosis  may  assume  large  values 
near  the  surface.  For  Si-ions,  which  lie  between  the  two 
cases,  Oy  does  not  depend  very  much  on  the  depth. 


4.  SUPERPOSITION  METHOD 

The  superposition  law  says  that  the  response  to  a 
homogenous  beam  is  identical  to  the  sum  of  responses 
to  punctiform  beams  which  are  equidistributed  over 
the  width  of  the  homogenous  beam.  For  a  rigorous 
application  of  this  law  we  would  have  to  know  the 
actual  response  to  every  punctiform  beam  along  the 
surface.  In  practice,  however,  point  responses  are  con¬ 
structed  from  ID  profiles  and  may  therefore  not  take 
into  account  boundaries  other  than  perpendicular  to 
the  beam.  In  the  case  of  a  mask  edge  those  ions  are  not 
treated  correctly  by  the  superposition  method  which 
leave  tne  mask  laterally  and  re-enter  the  target.  The 
question  is  now,  whether  these  ions  may  significantly 
contribute  to  the  total  dopant  concentration. 

To  investigate  this  question,  we  have  performed 
Monte  Carlo  simulations  for  a  simple  structure,  name¬ 
ly  a  rectangular  mask  on  a  planar  bulk.  In  this  rase, 
according  to  the  superposition  method,  no  ions  should 
reach  the  Si-region  which  have  originally  entered  the 
mask.  So,  if  we  only  expose  the  mask  surface  to  the 
computational  ion  beam,  any  concentration  in  the  Si- 
region  indicates  a  failure  of  the  model.  We  have  per¬ 
formed  simulations  for  B-  and  As-implantations  at  var¬ 
ious  energies.  The  results  for  B  at  100  keV  are  shown 
in  Fig. 4.  The  concentration  in  Si  is  about  one  order 
of  magnitude  lower  than  the  peek  concentration  of  di- 
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B+-»a»;  100  keV 


B+-ioo»:  100  keV 


©J 


. - 1 - 1 - 1 - , - 1 - 1 - 1 - , - 1 

-.4  0  .4  .8  1.2 

LATERAL  (JJM) 

FIGURE  4 

B-implantation  into  Si  by  a  rectangular  mask. 

The  contour  lines  represent  the  logarithm  of  the 
dopant  concentration  devided  by  the  dose  |l/cmj. 
Only  the  mask  region  is  exposed  to  the  beam. 

rectly  implanted  ions.  This  is  typical  for  all  cases  we 
have  simulated. 

In  Fig.5  it  can  be  seen  that  this  extra  concentration 
— as  compared  with  what  is  expected  by  the  superpo¬ 
sition  method — contributes  significantly  to  the  total 
distribution.  According  to  the  superposition  method, 
the  contour  lines  labeled  by  “3.5”  and  “4”  should 
be  straight  lines  for  lateral  coordinates  from  slightly 
larger  than  0  up  to  1.  Also  the  contour  line  labeled  by 
“3"  should  be  seen  there. 

For  As-  and  low  energy  B-implantations  this  extra 
concentration  may  be  well  neglected,  because  in  these 
cases  the  profiles  have  their  maximum  near  the  sur¬ 
face  and  will  therefore  cover  the  dopants  which  have 
made  their  way  through  the  mask.  A  similar  situa¬ 
tion  as  in  Fig.4  and  Fig.5  is  expected  for  high-energy 
P-implantations. 

To  avoid  this  effect,  one  could  use  a  thicker  mask, 
since  the  ions  which  leave  the  mask  laterally  will  then 
spread  over  a  wider  range.  E.g.,  for  a  mask  thickness 
of  2mt7i  in  Fig.5  the  effect  would  almost  disappear. 
Another  possibility  would  be  to  tilt  the  mask  edge.  In 
this  case,  however,  the  dopant  distribution  below  the 
mask  edge  would  be  increased. 


r  1  1  I  1  I  I  I - 1 - 1 

-.4  0  .4  .8  1.2 

LATERAL  (fJM) 

FIGURE  5 

B-implantation  into  Si  by  a  rectangular  mask. 

The  contour  lines  represent  the  logarithm  of  the 
dopant  concentration  devided  by  the  dose  |l/cm). 

The  whole  simulation  area  is  exposed  to  the  beam. 
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The  main  purpose  of  this  work  is  to  show  how  with  a  simple  analytical  model  of  diffusion, 
using  only  Ra  and  xj  experimental  data,  is  it  possible  to  calculate  the  relationship  be¬ 
tween  the  electrically  active  charge  and  the  initial  Implanted  dose  of  Antimony  in  Silicon. 
It  will  be  shown  that  Qei/Qdose  <  T  in  agreement  with  many  others  authors* *2,3,  and  a  lower 
diffusion  coefficient  than  that  commonly  used  by  SUPREM  II  simulator  is  achieved  through 
this  model,  which  allows  good  fit  with  the  experimental  data. 


1.  INTRODUCTION 

High  dose  implantations  of  Antimony  in  Sil¬ 
icon  studies  are  receiving  considerable  atten¬ 
tion  in  recent  years,  by  many  authors1*2*3*4, 
owing  to  their  applications  as  an  impurity  source 
in  the  fabrication  of  buried-layers  in  high 
speed,  low  power  dissipation  Bipolar  Transis- 
tors5*6,and  resistors  with  special  characteris¬ 
tics7,  convenient  for  VLSI  circuits.  It  is  well 
known  that  for  small  concentrations  of  Sb  in  Si, 
almost  100*  substitutional lity  and  electrical 
activity  is  achieved2,3,  whereas  high  concen¬ 
trations  exceeding  the  solid  solubility  limits 
of  Sb  in  Si  form  metastable  solutions  and  cause 
segregation  effects,  indicating  that  a  fraction 
of  substitutional  Sb  is  electrically  inactive. 
A  complete  characterization  of  these  high  con¬ 
centrations  of  Sb  in  Si,  their  decomposition  in¬ 
to  precipitates,  informations  about  the  exact 
Sb  atoms  crystallographic  location  in  the  lat¬ 
tice  and  the  degree  of  their  electrical  activ¬ 
ity  has  been  extensively  studied,  through  a  va¬ 
riety  of  analytical  techniques2*3. 

This  work  shows  through  a  simplified  analyt¬ 
ical  model  of  diffusion,  using  only  Rp  and  xj 
experimental  data,  that  is  it  possible  to  cal¬ 
culate  the  relationship  between  the  electrical¬ 
ly  active  charge,  Qei,and  the  initial  implanted 
dose,  Qdose*  °f  Sb  1n  Si,  together  with  the  fol¬ 
lowing  parameters:  diffusion  coefficient  ft  mean 
mobility  IT  and  carrier  concentration  C. 


These  results  are  in  good  agreement  with 
those  published  earlier  by  many  others  authors, 
indicating  that  this  model,  although  very  simple, 
is  sufficiently  adequated  to  describe  the 
fenomena  correlated  with  the  Sb  diffusion  on 
Si. 


2.  THE  ANALYTICAL  MODEL 

After  annealing  and  drive-in  diffusion, impu¬ 
rity  concentration  redistribution  from  an  ion- 
implanted  source  can  be  treated  as  a  Gaussian 
profile,  with  fixed  amount  of  impurities,  given 
by  Qdose-  Therefore,  it  is  well  known  that  only 
a  fraction  of  these  Qdose  1s  electrically  ac¬ 
tive,  named  Qe] ,  and  given  by: 


*el 


1 


q  u  Rp 


(1) 


From  Rp  experimental  data,  the  only  way  to 
calculate  the  actual  Qej  is  through  the  mean 
mobility  y  variations,  which  have  a  dependence 
over  tha  mean  impurity  concentration  C.  These 
parameters  can  be  interconnected  through  the 
following  definitions: 


Qel 


(2) 


and 
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M  »  unln  + 


umax  -  umin 
7  a 
i  + «— £— ) 

Nref 


where: 

u*1n  =  86,5  an2  V1  s*1 

Vifflax  =  1354,5  cn2  V"^  s"^ 

f  =  mean  Impurity  concentration 


(3) 


a  =  0,91 

Nref  “  1.3  x  1017  cm*3 

It  can  be  shown  that  for  a  long  time  diffu¬ 
sion  the  junction  depth,  xj,  is  given  by: 


x?  »  40t  in  -2* S?— 
Cg  /tt  D-j 


(4) 


A  linear  function  is  obtained  from  Xj  x  /T 
plotting  .whose  gradient  dxj/d/F  allows  the  dif¬ 
fusion  coefficient  D  determination  from  rela¬ 
tion  (4): 


_  dx< 

/IT  =  — -L 


d/F 


tn 


Qdose  I172 


(5) 


The  first  step  in  an  iterative  calculation 
between  the  relations  (1),  (2),  (3)  and  (5), con¬ 
siders  that  all  implanted  impurity  is  electri¬ 
cally  active,  so  that  it  is  obtained  the  first 
values  of  D,  C,  U,  and  Qe].  Subsequent  iteration 
calculations  will  allow  to  get  the  actual  values 
of  0,  C,  u  and  Qei .when  convergence  is  achieved. 

As  will  be  seen  in  the  next  item,  using  only 
the  xj  and  Rq experimental  data  It  will  be  pos¬ 
sible  to  obtain  results  comparable  with  those 
from  another  authors,  whose  experimental  data 
were  obtained  from  several  technological  facil¬ 
ities,  like  R8S  analysis, Mflssbauer  spectroscopy, 
Hall -effect  measurements,  and  so  on2*3. 


3.  EXPERIMENTAL  PROCEDURES 

All  Sb  implantation  were  performed  in  a  home¬ 
made  equipment,  with  an  energy  E  >  100  Kev  and 
dose  $  *  5  x  lO^cm*2,  at  room  temperature,  in 
a  7°  off-axis  direction,  into  silicon  wafers 


type  P,  <1O0>,  p  ■  10-200. cm.  After  typical 
annealing  at  low  temperature,  T  ■  500°C,  and  Og 
ambient,  for  60min,  It  was  carried  out  the 
dopant  diffusion  in  Og  ambient,  T  *  1200°C,  in 
4  different  times,  4,  9,  16  and  25  hours.  Sub¬ 
sequent  measurements  of  Rq  and  xj  of  those 
samples  were  used  to  calculate  the  diffusion 
coeeficient,  mean  Impurity  concentration,  mean 
mobility  and  electrically  active  charge  by  means 
of  that  Iterative  procedure  suggested  by  the 
model  described  earlier  in  this  paper. 

4.  RESULTS  AND  DISCUSSION 

Figure  1  shows  experimentally  determined 
junction  dephts,  Xj,  and  sheet  resistance  mean 
values  Rq  ,  obtained  for  several  samples  over  a 
wide  range  of  heat  treatment  times,  compared 
with  the  simulated  values  produced  by  SUPREM  1 1, 
only  with  the  purpose  of  a  more  detailed  over¬ 
view  about  Sb  diffusion  on  Si  behavior: 

Rn  xJ 


FIGURE  1 

Comparison  between  SUPREM  II  and  experimental 
Rq  and  Xj  values. 

As  SUPREM  II  has  not  an  Antimony  cluster  mod¬ 
el,  the  predict  data  are  overestimated  in  the 
sense  that  all  implanted  impurity  is  considered 
as  electrically  active,  and  the  experimental  re¬ 
sults  are  below  those  simulated;  moreover,  the 
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saturation  on  Rq  experimental  data  indicates  a 
saturation  on  Qei ,  due  to  the  formation  of  ex¬ 
tended  defects  like  new  Sb  clusters  or  precipi¬ 
tates  during  the  heat  treatment2,  not  consid¬ 
ered  by  SUPREM  II. 

From  (dxj/dv'T)gxp  of  figure  1  and  using  the 
analytical  model  proposed  on  this  work,  it  was 
calculated  the  new  diffusion  coefficient  D 
value  (0=  1 ,16xl0'11cm2.min~l ),  and  consequent¬ 
ly,  the  C,  iT  and  Qe]  parameters.  Modyfying 
SUPREM  II  by  introducing  the  new  values  of  D 
and  Qej  as  the  initial  implanted  dose,  it  was 
obtained  a  good  fit  with  experimental  Rq  and 
xj  values,  as  illustrates  figure  2  below: 


FIGURE  2 

Comparison  between  modified  SUPREM  II  and  Rn 
and  Xj  experimental  values. 

Finally,  on  figure  3  it  is  shown  the  rela¬ 
tion  Qel/Qdose  *  >'rF.  where  two  points  must  be 
emphasized: 

-  Qel/Qdose  <  1  indicates  that  only  a  frac¬ 
tion  of  Implanted  dose  is  electrically  ac¬ 
tive,  probably  that  one  on  undisturbed 
substitutional  lattice  sites.  This  per- 
centual  result  shown  in  figure  3  is  in 
good  agreement  with  others  authors^ *2*3; 

-  the  saturation  of  Qel/Qdose  for  long  time 
diffusion  is  an  expected  result,  and  indi¬ 
cates  a  reduction  of  the  electrically  ac¬ 


tive  fraction  of  Antimony,  probably  by  the 
formation  of  precipitates2  or  Sb-vacancy 
complexes2**. 
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FIGURE  3 

Qel/Qdose  as  cal culed  by  the  model  proposed  on 
this  work. 

Although  not  presented  here  the  mean  concen¬ 
tration,  C,  and  mean  mobility,  u,  as  calculated 
by  the  model6, seems  to  be  in  agreement  with  re¬ 
sults  from  another  authors2 >3*8. 

5.  CONCLUSIONS 

In  this  work  it  was  presented  a  very  simple 
analytical  model,  that  allows  to  get  informa¬ 
tions  about  the  electrically  active  fraction  of 
Antimony  implanted  on  Silicon,  taking  into  ac¬ 
count  only  Rq  and  xj  experimental  data.  The 
results  of  the  model  have  shown  that  the  diffu¬ 
sion  coefficient  of  Antimony  on  Silicon  is  low¬ 
er  than  that  used  by  SUPREM  II  simulator,  and 
that  only  a  fraction  of  the  initial  Implanted 
dose  is  electrically  active,  as  previously  pub¬ 
lished  by  many  others  authors.  The  modification 
of  SUPREM  II  by  introducing  these  new  data  al¬ 
lowed  a  good  fit  with  experimental  Rq  and  xj 
data. 
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GLASS  REFLON  MODELING  FOR  PROCESS  OPTIMIZATION 

A.  USSIER,  A.  PONCET  and  3.F.  TEISSIER 
CNET-Grenoble  -  France 


1  INTRODUCTION 

PSG  and  BPSG  are  Intensively  used  in 
VLSI  processes  for  their  flow  capability  . 
In  a  aicronic  Multilevel  Metallisation 
technology,  it  is  necessary  to  control  the 
flow  annealing  which  tends  to  saooth  the 
topology,  particularly  in  two  places  :  the 
gate  overlap  and  the  contact  window  steps 
In  the  literature,  work  has  been  Mentionned 
which  deals  essentially  with  aeasureoents  on 
SEH  views  of  the  tangential  angle  of  the 
layer  at  the  step  edge  as  a  funtion  of  the 
annealing  paraaeters  and  the  glass 
coMposition  [l],[5],[7],  A  new  approach  is 
presented  here,  which  coabines  experiaental 
results  with  nuaerical  siaulations  of  glass 
reflow,  in  order  to  predict  the  "optimal” 
annealing,  i.e.  an  increased  planarity  and  a 
ainiaization  of  parasitic  theraally  activated 
phenoaena  (dopant  diffusion).  Coupling  SEH 
Measurements  and  nuaerical  siaulations  allows 
to  process  only  one  test  pattern  and, 
furtheraore,  to  extrapolate  the  results  to 
any  case. 


2  PHENOMENOLOGICAL  STUDY  OF  THE  VISCOUS  FLOW 

In  order  to  ainiaize  the  induced 
technological  dispersions,  the  siaplest  test 
pattern  is  chosen,  i.e.  a  rectangular  glass 
slab  (0.8  pa  height  and  4  pa  width).  After 
cleaving  ,  the  geoaetrical  evolution  of  cross 
sections  is  studied  by  SEH  Measurements  as  a 
fonction  of  the  RTA  parameters  (T  from  950  o 
C  to  1190  o  C  ,  t  from  10  to  80  s)  and  the 
glass  coaposition  (68  w/o  P  to  8.98  w/o  P  PSG 
and  38  w/o  8,  5%  w/o  P  BPSG).  As  depicted  on 
figure  1  the  glase  reflow  leads  to  the 
Modification  of  the  following  three 
geoaetrical  paraaeters 


-  the  angle,  B, 

the  thickness  at  the  Middle  of 

the  step,  h, 

-  the  curvature  radius,  R; 

The  first  parameter  being  the  aore 
sensible  to  the  reflow  annealing,  it  is 
chosen  to  quantify  the  viscous  deforaation. 

Experiaents  aade  on  both  gate  overlap 
and  test  pattern  show  that  for  8  equal  to  15 
degrees,  the  planarisation  is  acceptable.  Me 
observe  that  even  in  siaplest  cases,  it  is 
difficult  to  directly  compare  experiaental 
and  simulated  profiles  because  of  the 
dispersion,  wafer  to  wafer  or  run  to  run,  on 
data  related  to  the  slab  foraation,  i.e. 
thickness,  CD,  angle  after  etching  and  local 
glass  coaposition,  therefore,  it  is  necessary 
to  average  data. 

The  evolution  of  8  according  to  the 
tiae  is  measured  for  different  temperatures  , 
and  for  various  glasses.  Let  t  denote  the 
annealing  tiae  which  leads  to  8*15  degrees, 
t  values  are  extracted  from  these 
measurements;  next,  ln(t)  is  plotted  as  a 
function  of  1/T  (figure  2). 

From  these  curves  it  can  be  observed 

that  ; 

-  the  linearity  of  this  function  allows 
to  fit  physical  paraaeters  related  to  glass 
viscosity  by  cerriing  out  linear  regressions 
(see  section  3); 

-  moreover,  when  these  curves  are 
superimposed  with  siailer  curves  releted  to 
other  theraally  activated  phenomenon  (here 
boror.  diffusion)  it  is  possible  to  identify 
the  optiaal  temperature  range  for  a  given 
glasa. 
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Fig.  1  -  Geometrical  evolution  of  a  rectangular  slab 

-  a  -  SEM  views  (6-6%  w/o  P  PSG,  T- 1190  0.  t-5,  10.  20  and  40  s) 

-  b  -  Simulation  results  compared  with  SEM  view  at  t-20  s. 


Fig.  2  -  Logarithm  of  the  time  necessary  to  get  8- 15* as  a  function  of  1/T 


3  NUMERICAL  SIMULATION  Or  GLASS  REFLOW 
3.1  Viscous  Flow  Model 


predicted  under  geometrical  consideretione 
only  [4].  ThereFore,  computer  simulations 
are  necessary,  i.e.  discretization  of  Stokes 
equations.  These  equations  can  be  summarized 
as  Follows  in  the  2-0  case: 

— >  ->  — > 

(3.1)  v  Div  (  Grad  V  )  *  -  Grad  p 


(3.2)  Div  V  =  0  in  the  material, 

where  V=(Vx,Vy)  is  the  local 
velocity,  v  is  the  viscosity 
and  p  the  internal  pressure; 

(3.3)  Vx  s  Vy  s  0  (non-slip  condition) 

on  the  interface  between 
glass  and  substrate, 

(3.4)  Vx  =  0  (slip  condition) 

along  symetry  axes  and 
lateral  sections, 

(3.5)  p  *  V  /  R  along  the  free  sur¬ 

face,  where  Y  is  a  surface 
tension  coefficient  and  R  is 
the  curvature  radius. 


A  major  application  of  glass  reflow 
simulation  concerns  contact  holes;  for  that 
purpose,  an  axisymetric  expression  of  the 
equations  has  been  set  under  a  variational 
form;  3-D  effects  have  been  clearly  evidenced 
in  numerical  experiments:  8  becomes  much 
smaller  when  the  radius  of  a  contact  hole 
decreases  (figure  3). 


Under  usual  processing  temperatures, 
the  viscosity  of  passivation  glaases  is 
sufficiently  high  to  assume  that  stationnary 
Stokes  equations  are  valid  for  modeling  their 
reflow.  The  driving  force  is  the  surface 
tension  t*l,  which  tends  to  smooth  the  free 
surface  by  increasing  curvature  radius  in 
such  a  way  that  tha  cross  section  of  any 
bounded  slab  of  glass  tends  to  be  a  piece  of 
perfect  diak  (figure  1).  Howevar,  such  final 
ahapes  have  no  practical  interest  and  ara  not 
valid  for  unbounded  slabs,  moreover, 
intermediate  etages  can  not  be  accurately 


3.2  Viscosity  Fitting 

The  mein  advantage  of  the  above  model 
is  its  linearity  according  to  v/V;  this  ratio 
can  be  easily  identified  from  experiments  as 
follows: 

1.  arbitrary  v/Y  ratio  and  time  scale 
are  chosen  (let  say  v/Y*l),  then 
computer  simulation  is  performed; 
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2.  numerical  results  are  coapared  with 
aeasureaents  (figure  1)  In  order  to 
set  the  tiae  scale  which  corresponds 
to  a  given  glass:  let  tn  be  the 

tiaa  necessary  to  reach  a  given  0 
value  in  the  coaputer  siauiation, 
and  ta  the  corresponding  tiae 
deduced  froa  experiments;  therefore, 
the  actual  value  of  v/Y  is  ta/tn. 

According  to  the  two  linearities 
aentionned  above,  relation  (2.1)  can  be 
re-written,  first: 

(3.6)  ln(t)  =  A  +  B/T 
and  then 

(3.7)  ln(v/Y)  =  A  +  B/T  -  ln(tn) 
which  confiras  the  classical  expression  [2]: 

(3.8)  v/Y  =  uO  .  exp(E/kT) 

while  giving  an  straightforward  evaluation 
of  uO  and  E  paraaeters: 

(3.9)  uO  s  exp(A)/tn 

(3.10)  E  s  k  .  B  where  k  is  the 

Boltzaann  constant. 

By  using  aeasureaents  depicted  on 
figure  1  for  a  4  pa  long  and  0.8  pa  high 
step,  this  method  leads  to  values  for  E  and 
uO  which  are  presented  on  table  1;  however, 
the  reproducibility  of  the  slab  dimensions 
and  of  RTA  paraaeters,  the  accuracy  of 
aeasureaents  and  the  temperature  range  are 
too  low  to  quantify  the  dependence  of  E  and 
uO  versus  glass  composition. 


3.3  Numerical  Schemes  And  Coaputer 
Environment. 

Equations  (3.1)-(3.5)  are  discretized 
by  using  classical  3-node  triangular  finite 
elements,  aashes  are  automatically  generated 
and  refreshed,  in  the  same  way  as  in  LOCOS 
siauiation  [7],  Incompressibility  condition 
(3.2)  is  taken  into  account  lterativally ,  by 
using  classical  Uzawa  algorithm.  Surface 
condition  (3.5)  is  expressed  through  a 


boundary  Integral  in  the  variationnal  fora  of 
the  equations. 

lapurity  diffusion  and  glass  reflow 
have  been  coupled  in  TITAN  process  siaulator 
[3],  in  order  to  achieve  technological 
parameter  optiaization  which  has  been 
aentionned  in  Section  1. 


4  CONCLUSION 

A  siaple  linear  viscous  flow  aodel 
has  been  presented  in  order  to  predict  PSG  or 
BPSG  glass  reflow.  A  method  has  been 
presented  for  identifiing  viscosity 
paraaeters  for  any  given  glass,  in  order  to 
optimize  glass  reflow,  anywhere  on  the  wafer. 

However,  the  application  of  this 
approach  depends  drastically  on  the  initial 
structure  (composition,  shape  of  the 
slab,...)  and  on  RTA  paraaeters  variations; 
therefore,  a  general  expression  of  viscosity 
versus  temperature  and  glass  composition 
cannot  be  set  as  long  as  these  data  are  not 
accurate  enough. 


PSG 

BPSG 

68 

7* 

8.6% 

E  (eV) 

5.15 

4.56 

1.25 

1.08 

uO 

o 

1 

►-* 

-11 

10 

-29 

10 

-28 

10 

TABLE  1.  Viscosity  paraaeters  from 
fits  between  aeasureaents  (fig.  1)  and 
computer  siauiation 
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MONTE-CARLO  ION  IMPLANTATION  AND  COMPOSITE 


A.Barthel,  J. Lorenz,  H.Ryssel* 

Fraunhofer-Arbeitsgruppe  fQr  Integrlerte  Schaltungen, 
Artllleriestrasse  12,  D-8520  Erlangen,  Germany 


Analytical  methods  for  the  description  of  Ion  Implantation  show  good 
agreement  with  experiment  and  Monte-Carlo  simulations  In  most  cases. 
Problems  arise  with  special  geometries  such  as  trenches.  To  be  able  to 
simulate  Implantation  and  diffusion  In  such  cases,  a  Monte-Carlo  Interface 
has  been  added  to  the  process  simulation  program  COMPOSITE. 


1.  INTRODUCTION 

To  meet  the  needs  of  shrinking  device 
dimensions,  process  simulation  programs  are 
required  which  use  accurate  physical  models  for 
the  simulation  of  process  steps,  use  efficient 
algorithms  to  reduce  computing  time  and  are 
able  as  well  to  deal  with  a  complete  process 
sequence  as  to  transfer  the  results  as  input 
for  device  simulation.  These  three  requirements 
are  very  hard  to  be  fulfilled  with  one  simula¬ 
tion  tool,  as  accurate  process  models  very 
often  require  large  computing  time,  for 
Instance  In  case  of  Boltzmann  transport 
equation  calculations  or  Monte-Carlo  simula¬ 
tions  [1]. 

In  the  following,  the  approach  to  ion 
Implantation  used  in  COMPOSITE  [2]  is  briefly 
mentioned  along  with  Its  limitations.  The 
Monte-Carlo  Interface  which  has  been  added  to 
COMPOSITE  Is  described  and  Its  application  Is 
shown. 

2.  COMPOSITE 

The  universal  two-dimensional  process 
simulation  program  COMPOSITE  (£gmplete  Modeling 
£rogram  gf  Silicon  technology)  Is  a  user- 
friendly  and  easlly-portable  tool  for  the 
simulation  of  Ion  implantation,  diffusion, 
oxidation,  etching,  lithography  and  layer 


deposition.  For  the  simulation  of  ion  implanta¬ 
tion,  analytical  equations  are  used  for  the 
dopant  concentration  profiles.  This  Includes 
the  well-known  Pearson  IV-distributions  [3] 
along  with  range  parameters  from  experiments 
for  the  vertical  dopant  concentration  profile 
In  one  layer,  a  lateral  convolution  with  a 
Gaussian  profile  and  a  special  multilayer  model 
[4],  which  takes  Into  account  the  different 
stopping  powers  of  the  layers.  In  figure  1, 
results  obtained  with  COMPOSITE  for  an  implan¬ 
tation  of  60  keV  phosphorus  at  an  A1 203-mask 
edge  are  compared  to  results  obtained  using  the 
widely  used  Runge  model  [5]  (broken  lines), 
which  assumes  the  same  stopping  power  for  all 
layers.  According  to  the  Runge  model,  the  AI2O3 
layer  would  not  be  thick  enough  to  mask  the 
silicon.  From  the  COMPOSITE-result  It  can  be 
seen  that  the  AI2O3  thickness  is  sufficient  to 
stop  the  ions. 

3.  MONTE-CARLO  SIMULATIONS 

Other  methods  for  the  simulation  of  ion 
Implantation  such  as  Monte-Carlo  simulations 
[I]  require  much  more  computing  time  in 
comparison  to  analytical  models  and  are, 
therefore,  not  suited  for  permanent  use  in  a 
process  simulation  tool.  But  they  are  very 
Important  for  the  evaluation  of  analytical 
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FIGURE  1 

COHPOSITE-simulation  of  Implantation  of  a  1015 
cm'3  dose  of  phosphorus  at  an  energy  of  60  keV 
near  an  AI2O3  mask  edge. 


descriptions  of  Implantation  profiles  and  for 
the  simulation  of  implantations  into  geometries 
which  cannot  be  described  adequately  by 
analytical  models.  One  main  point  of  interest 
is  the  implantation  into  trenches  In  silicon. 

Figure  2  shows  the  result  from  a  Monte- 
Carlo  simulation  with  a  modification  of  TRIM, 
TRIMSURF  [6],  of  an  implantation  of  150  keV 
phosphorus  Into  a  2  pm  deep  and  0.4  pm  wide 
silicon  trench.  200  000  particles  were  used  for 
this  simulation.  In  this  example,  a  sidewall - 
doping  by  Ions  which  have  been  scattered  out  of 
one  sidewall  and  have  been  re-implanted  into 
the  other  sidewall  can  be  seen.  This  sidewall 
doping  is  of  great  importance  and  cannot  be 
accessed  by  analytical  models.  Therefore,  it  is 
very  important  to  use  such  Monte-Carlo  results 
within  general  simulation  tools. 
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FIGURE  2 

Monte-Carlo  simulation  of  Implantation  of 
phosphorus  at  an  energy  of  150  keV  into  a  2pm 
deep  and  0.4  pm  wide  silicon  trench.  200  000 
particles  were  used  for  this  simulation. 
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FIGURE  3 

Monte-Carlo  simulation  of  implantation  of 
arsenic  at  an  energy  of  100  keV  into  silicon 
near  a  mask  edge. 


4.  USE  OF  MONTE  CARLO  SIMULATIONS  FOR  COMPOSITE 

To  be  able  to  transfer  results  from  Monte- 
Carlo  simulations  to  COMPOSITE,  an  interface 
has  been  Implemented. 

First,  some  modifications  to  TRIMSURF  have 
been  done.  These  includes  the  gathering  of  the 
particle  distribution  data  in  a  COMPOSITE- 
compatible  shape.  Furthermore,  smoothing  by 
neighborhood  averaging  is  done  to  reduce 
statistic  fluctuations  with  the  data;  Con¬ 
centrations  are  recalculated  as  arithmetic 
means  of  the  point  in  question  and  its  eight 
nearest  neighbors.  The  dopant  concentration 
arrays  are  then  stored  to  a  file. 

Second,  COMPOSITE  reads  these  data  from  the 
file  and  scales  them  according  to  the  implanta¬ 
tion  dose  desired. 

In  figure  3,  an  example  for  a  Monte-Carlo 
simulation  of  an  ion  implantation  of  100  keV 
arsenic  Into  a  silicon  layer  near  a  mask  edge 
Is  shown.  The  Monte-Carlo  data  have  been 
transferred  to  COMPOSITE.  In  the  equi concentra¬ 
tion  line  plot  the  fluctuations  in  the  third 
and  fourth  contour  line  result  from  the  limited 
number  of  particles  used  with  the  Monte  Carlo 


FIGURE  4 

Comparison  of  TRIMSURF  and  COMPOSITE  results 
for  Implantation  of  a  dose  of  1015  cur3  arsenic 
at  an  energy  of  100  keV  into  a  two-layer 
structure  near  a  mask  edge. 

Drawn  line:  TRIMSURF,  broken  line:  COMPOSITE 

calculations.  The  maximum  of  the  lateral  spread 
of  the  ions  Implanted  does  not  coincide  with 
the  maximum  of  the  vertical  distribution.  This 
indicates  the  depth  dependence  of  the  lateral 
straggling,  studied  in  earlier  publications 
[7,8,9].  Equations  for  this  depth  dependence 
have  been  proposed  [8],  but  they  presently 
cannot  be  used  for  the  simulation  of  ion 
implantation  in  crystalline  silicon,  because 
they  need  not  only  vertical  moments  but  also 
lateral  and  mixed  range  moments,  in  total  8 
parameters.  The  lateral  kurtosis  and  the  two 
mixed  moments  requested  have  not  yet  been 
measured  or  calculated  for  crystalline  silicon. 
Therefore,  the  depth  dependence  is  not  included 
in  COMPOSITE.  For  amorphous  silicon,  this 
model  shows  good  agreement  with  Monte-Carlo 
simulation  [8]. 

In  contrast  to  figure  3,  the  silicon  is 
covered  by  45  nm  SI3N4  in  the  example  shown  in 
figure  4.  This  is  done  to  show  the  Influence  of 
a  thin  layer  on  the  lateral  spread  in  the 
silicon  substrate.  Since  the  lateral  straggling 
in  the  nitride  is  smaller  than  in  silicon 
because  of  the  higher  density  of  nitride,  the 
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30  rain  diffusion  at  1000  *C  of  the  Monte-Carlo 
result  shown  In  figure  4. 

lateral  spread  of  the  Implantation  profile  In 
the  silicon  Is  reduced  In  comparison  to  figure 
3.  Therefore,  a  multilayer  model  for  the  depth 
dependency  of  the  lateral  spread  is  necessary. 

The  broken  lines  In  figure  4  show  the 
corresponding  COMPOSITE-results.  Here,  a 
constant  lateral  straggling  was  used  within  one 
material.  Therefore,  a  discontinuity  of  the 
lateral  spread  is  predicted  by  COMPOSITE,  but 
TRIMSURF  shows  a  nearly  continuous  behavior  of 
the  lateral  spread  at  the  Interface.  For  the 
vertical  dopant  distribution,  the  agreement 
between  COMPOSITE  and  Monte-Carlo  Is  very  good, 
except  close  to  the  sllicon/nitride  Interface. 
The  discontinuity  of  the  vertical  distribution 
at  the  Interface  results  from  the  lower 
stopping  power  of  the  silicon:  Therefore,  less 
particles  come  to  rest  below  the  Interface. 
This  effect  Is  less  pronounced  with  the  Monte 
Carlo  data  because  of  particles  backscattered. 

This  example  shows  that  as  long  as  no  full 
set  of  eight  range  parameters  for  the  materials 
Involved,  including  crystalline  silicon,  is 
available,  no  accurate  simulation  of  the 
lateral  spread  Is  possible  with  analytical 
models.  If  the  differences  between  amorphous 
and  crystalline  range  parameters  can  be 


neglected,  It  is  worthwhile  to  transfer  Monte- 
Carlo  data  to  COMPOSITE  to  perform  the  simula¬ 
tion  of  further  process  steps. 

In  figure  5,  the  COMPOSITE  result  of  a  30 
min  diffusion  at  1000*C  of  the  doping  profile 
from  figure  4  Is  shown.  The  statistic  fluctu¬ 
ations  present  In  figure  4  have  been  removed  by 
the  diffusion. 

S.  CONCLUSION 

Though  the  analytical  equations  for  ion 
implantation  used  in  COMPOSITE  are  able  to 
describe  dopant  profiles  adequately  in  most 
cases,  the  simulation  of  important  effects  such 
as  trench  Implantation  and  depth  dependence  of 
the  lateral  spread  presently  needs  time- 
consuming  Monte-Carlo  calculations.  The  Monte- 
Carlo  interface  implemented  in  COMPOSITE  allows 
now  for  introducing  Monte-Carlo  data  into  a 
process  sequence. 
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EQUILIBRIUM  SOLUBILITY  OF  ARSENIC  AND  ANTIMONY  IN  SILICON 
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Equilibrium  solid  solubility  of  arsenic  and  antimony  in  silicon  is  derived 
by  Hall  and  resistivity  measurements  after  suitable  annealing.  For  both  el¬ 
ements,  the  solubility  shows  a  linear  trend  versus  reciprocal  temperature. 


1.  INTRODUCTION 

The  knowledge  of  solid  solubility  of 
dopants  in  silicon  is  essential  for  a  correct 
process  simulation  and  is  Important  for  basic 
understanding.  In  the  case  of  Group  V  dopants 
largely  scattered  values  are  reported  in 
literature  for  arsenic  an'*  antimony.  Moreo¬ 
ver,  the  knowledge  is  e\  en  poorer  in  the 
range  700+900*C,  which  is  of  high  interest  in 
the  future  VLSI-ULSI  processing. 

A  research  activity  on  the  solubility  and 
precipitation  of  silicon  dopants  is  performed 
since  several  years  at  LAMEL  Institute. 
Particular  emphasis  was  given  to  the  study  of 
electrically  inactive  phosphorus  and  arsenic; 
an  assessment  of  this  problem  was  attempted 
by  Nobili  a  few  years  ago  /!/. 

This  paper  reports  the  results  of  accurate 
equilibrium  carrier  density  determinations  as 
a  function  of  temperature,  performed  on  poly- 
sillcon  films  heavily  doped  with  antimony  and 
arsenic  by  ion  implantation.  The  carrier 
density  was  determined  after  annealing  at  in¬ 
creasing  temperatures,  a  time  consuming 
procedure  which,  on  the  other  side,  is  most 
suitable  to  accomplish  with  the  equilibrium 
conditions. 

2.  EXPERIMENTAL 

Poly-silicon  films  were  deposited  in  a 
chemical  vapour  reactor  at  660°C,  onto  pre¬ 
viously  oxidized  single  crystal  wafers.  The 


film  thickness  (  0.45  ^um)  was  accurately 

determined  by  a  Taylor  Hobson  Talystep. 

For  Sb  doped  films  the  Implantation  energy 

16  2 

and  dose  were  150  keV  and  2.1x10  at/cm 

respectively,  while  As  was  Implanted  at  the 

16  2 

energy  of  100  keV,  and  dose  4.0x10  at/cm  . 
Each  composition  was  then  separately  heated  3 
hours  at  1100°C  to  recover  the  damage  and 
redistribute  the  dopant.  Specimens  were 
successively  annealed  for  1000  h  at  600°C, 
then  at  temperatures  incresing  in  steps  of 
25°C  up  to  900°C  and  subsequently  in  steps  of 
50eC  up  to  1300°C.  To  avoid  out  diffusion 
processes  the  first  high  temperature  heat 
treatment  was  performed  in  a  slightly  oxidi¬ 
zing  atmosphere  (90Z  nitrogen  +  10Z  oxygen) . 

The  carrier  density  and  mobility  were  det¬ 
ermined  by  Hall  effect  and  sheet  resistivity 
measurements,  using  the  Van  der  Pauw  geometry 
defined  with  a  photolitographic  process.  The 
same  techniques,  alternated  with  stripping  of 
silicon  by  anodic  oxidation  and  etching,  were 
used  for  carrier  profile  measurements.  The 
average  grain  size  of  the  polysilicon  films, 
after  the  high  temperature  annealing  (1100°C, 
3h)  was  checked  by  transmission  electron 
microscopy  observations.  The  obtained  values 
were  0.9  ^'ia  and  0.2  ^um  for  As  a  Sb,  res¬ 
pectively. 

3.  RESULTS  AND  DISCUSSION 

The  carrier  density  plot  vs  reciprocal  tempe- 
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rature  for  Sb  doped  specimens,  which  is 
reported  in  Fig.l,  shows  an  Initial  decrease 
which  can  be  attributed,  as  it  is  discussed 
below,  to  the  formation  of  the  conjugate 
liquid  phase.  A  minimum  is  attained  at  800*C 
followed  by  dissolution  which  takes  place 
with  increasing  temperature.  Equilibrium 
values  of  the  carrier  density  n£  are  obtained 
in  the  dissolution  stage,  above  850°C,  after 
a  transient  which  is  due  to  the  size  effect. 
The  equilibrium  values  of  ng  in  the  tempera¬ 
ture  range  850-1 150°C  follow  very  tightly  the 
law: 

ne  -  3.8xl021  exp (-0.56  eV/kT)  cm"3 

Above  1150°C  the  experimental  ng  values  show 
a  deviation  from  this  trend.  This  was  expec¬ 
ted  as  in  the  Si-Sb  equilibrium  diagram  the 
conjugate  liquid  phase  undergoes  a  drastic 
reduction  of  the  content  of  antimony  111 . 

The  results  obtained  on  As  doped  specimens 
are  shown  in  Fig. 2,  which  reports  the  carrier 
concentration  as  a  function  of  reciprocal 
temperature.  In  this  case,  due  to  the  higher 
diffusivity  of  arsenic  with  respect  to  anti¬ 
mony,  the  minimum  was  attained  at  a  lower 
temperature,  about  650*C,  and  equilibrium 
values  of  the  active  dopant  were  obtained  for 
T  >  700“C.  In  the  temperature  range  700-900*C 
the  corresponding  equilibrium  carrier  density 
n^  is  given  by: 

ne  -  2.2xl022  exp(-0.47  eV/kT)  cm"3 

These  figures  coincide  with  the  ones  reported 
by  Hoyt  et  al.  /3/,  obtained  by  a  fitting  of 
literature  data.  A  deviation  from  the  above 
trend  is  observed  in  Fig. 2  at  higher  tempera¬ 
tures,  a  result  which  is  unexpected  conside¬ 
ring  that  the  eutectic  temperature  is 
1097°C  /4/.  We  point  out  that  the  value  at 
1100*C  in  Fig. 2  coincides  with  the  one  after 
the  initial  3  hours  annealing  at  this  tem¬ 
perature.  The  above  equilibrium  values  of 
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FIGURE  1 


Carrier  concentration  vs  reciprocal  temperatu¬ 
res  for  Sb  doped  samples. 


Arsenic  are  in  very  good  agreement  with  the 
ones  obtained  by  carrier  profiles  measurements 
after  equilibration  annealing  of  single 
crystal  specimens  Implanted  with  different 
doses  of  the  dopant  /5/.  These  experiments 
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FIGURE  2 


Carrier  concentration  vs  reciprocal  temperatu¬ 
re  for  As  doped  qamples. 
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showed  chec  Che  carrier  density  after  thermal 
equilibration  depends  only  on  temperature  and 
is  insensitive  to  excess  dopant.  He  concluded 
from  this  results,  which  are  supported  by  the 
occurrence  of  reversion  and  by  TEM  and  SAXS 
examinations,  that  the  equilibrium  carrier 
density  corresponds  to  the  solubility.  The 
same  conclusion  was  reached  also  in  the 
case  of  antimony  by  additional  experiments 
performed  on  the  same  line,  i.e.  accurate 
carrier  profile  measurements  after  equilibra¬ 
tion  at  1100*0  of  single  crystal  specimens 
Implanted  at  160  keV  vith  three  different 
doses  of  the  dopant.  The  results  are  shown  in 
Fig. 3  for  an  annealing  time  of  4  h. 


FIGURE  4 

Dark-field  TEM  iji|crogjjaph,  shoving  Sb  precipi¬ 
tates  in  a  2x10  cm  implanted  sample,  an¬ 
nealed  al  1100*0  for  4h. 
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FIGURE  3 


Carrier  concentration  profiles  of  Sb  doped 
specimens  Implanted  at  different  doses  and 
annealed  at  UOO’C  for  4  h.  The  as-implanted 
distribution  for  the  lowest  dose  is  also 
reported. 


TEM  observations  performed  on  these 
samples  evidenced  the  presence  of  a  high 
density  of  Sb  particles,  having  a  il  i  which 
decreases  with  increasing  the  lmplented  dose. 
According  to  the  classical  nucleatlon  theory 
111 ,  the  density  of  the  precipitates  lncree- 


sed  by  increasing  the  supersaturation.  In 

Fig. 4  is  reported  a  dark-field  image  of  these 

particles,  taken  in  a  sample  Implanted  with 
16  2 

2x10  Sb/cm  .  They  have  the  structure  of  the 
hexagonal  antimony,  as  deduced  from  electron 
diffraction  patterns. 

High  temperature  data,  above  1100*C,  for  As 
are  not  reported  in  Fig. 2  because  we  verified 
that  they  were  affected  by  the  cooling  rate. 
This  phenomenon,  which  is  attributed  to  addi¬ 
tional  precipitation  taking  place  in  the 
cooling  stage,  is  more  effective  in  polycri- 
stalllne  specimens.  In  fact  dislocations  and 
grain  boundaries  enhance  the  diffusion  and 
nucleatlon  kinetics  of  the  dopant,  a  feature 
which,  on  the  other  side,  makes  polycristalli- 
ne  films  more  suitable  to  obtain  equilibrium 
values  in  the  low  temperature  range. 

We  point  out  that  this  phenomenon  was  not 
appreciably  observed  in  antimony  doped  speci¬ 
mens,  very  probably  due  to  the  lower  diffu- 
sivity  of  this  dopant. 

The  accuracy  of  our  solid  solubility  data 
for  Sb,  which  correspond  to  the  equilibrium 
carrier  density  values  in  Flg.l,  made  possible 
to  analyse  in  more  detail  the  phase  equilibria 
for  the  Sb-Si  system. 

Experimental  determinations  of  the  liquidus 
curve  in  the  phase  diagram  were  performed  by 


T  PC] 

innn  mi  ism  mo  mon  goo 


FIGURE  5 

Ratio  between  solid  solubility  and  liquid  ac¬ 
tivity  vs  reciprocal  temperature  for  antlnmo- 
ny  in  silicon. 

Thurmond  et  al.  /6 /.  From  these  data  it  can 
be  deduced  that  a  regular  solution  model  is 
suitable  for  the  liquid  phase,  thus  allowing 
the  calculation  of  the  Interaction  parameter 
and  hence  of  the  activity  of  antimony  a^  in 
the  liquid  /7 /.  The  In  xsj,/ag(,  values  are 
reported  vs  reciprocal  temperature  in  Fig. 4; 
the  precise  exponential  dependence  which  is 
verified  in  the  whole  temperature  range  is  a 
clear  confirmation  of  the  solubility  data  in 
Fig. 1 .  In  addition  this  analysis  provided 
thermodynamic  data  for  antimony  in  solid  so¬ 


lution  Into  silicon:  from  the  exponential 
dependence  In  Fig. 5  a  value  of  13.4  Real/  mol 
was  determined  for  the  relative  partial  molar 
entalphy  ^gb'^Sb 5  *n<*  respectively  -4.7  e.u. 
for  the  relative  partial  molar  excess 
entropy  (Sst)-s“b)X8. 
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DIFFUSION  AND  SOLUBILITY  OF  GOLD  IMPLANTED  IN  SILICON 
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Dipartimento  di  Fisica.Corso  Italia  ,57  -Catania 
G.Calleri  and  G.Ferla 
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Diffusion  and  solubility  of  gold  implanted  in  <100>  p-type  silicon  have 
been  investigated  by  Rutherford  Backscattering  Spectrometry  and  spreading 
resistance  techniques.  The  gold  concentration  profiles  are  U-shaped  and  the 
concentration  at  the  middle  of  the  wafer  thickness  (C^)  is  proportional  to 
the  square  root  of  the  diffusion  time  in  agreement  with  the  kick-out 
mechanism.  The  diffusion  coefficient  Dj(see  text)  is  well  described  by 
Dt«7.0*10-3  exp(-1.61/kT)  cm^/sec  in  the  temperature  range  1173-1373  K.  The 


entropy  factor  associated  to  the 
been  determined  to  be  28+2. 


1.  INTRODUCTION 

The  diffusion  of  gold  in  silicon 
has  been  widely  investigated  (1,2] 
because  of  its  technological 
applications  such  as  controll  of  the 
minority  carrier  lifetime.  The 
electrical  parameters  of  Au  doped 
silicon  are  of  great  interest  in 
silicon  power  devices  [3].  Gold  is 
normally  diffused  in  silicon  starting 
from  a  thin  (“300  A)  layer  deposited 
on  the  surface  and  the  concentration 
profile  is  determined  by  the  thermal 
process.  The  introduction  of  gold  by 
ion  implantation  will  result  in  a 
better  control  of  the  gold  amount  in 
the  waf er , espec i al ly  close  to  the 
surfaces  i.e.  in  the  electrically 
active  region  of  most  devices. 


ionization  of  the  gold  donor  level  has 


2. EXPERIMENTAL 

P-type  <100>oriented  silicon,  20  Ohm- 
cm  resistivity  is  used.  The  wafer 
thickness  is  620  jum  and  double 
polished  wafer  are  used  to  avoid 
gettering  of  gold  by  the  rough 
surface.  Gold  Implantation  is 

performed  by  means  of  120  KeV  Au  ions 

1 2 

and  the  doses  are  in  the  range  10  - 

5*1q15  atoms/cm^.  The  thermal 
processes  are  carried  out  under 
nitrogen  flux  in  the  temperature 
range  of  1173-1373  K. 

Rutherford  backscattering  spectrometry 
(RBS)  of  2.0  MeV  He  beam  is  used  to 
mee  jre  the  amount  of  gold  in  the  near 
surface  region  (1000  A)  of  the 
implanted  wafer, the  difference  between 
the  measurements  before  and  after  the 
thermal  process  resulting  in  the  total 
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amount  of  gold  diffused  Into  the 
wafer.  The  RBS  technique  cannot  give 
informations  about  profiles  at  large 
depths  that  can  be  instead  obtained 
by  spreading-resistance  [4]  technique 
based  on  the  compensating  effect  of 
the  two  gold  levels  on  the  silicon 
conduct ivity[5] . 

For  spreading  resistance  measurements 
the  samples  are  mounted  on  a  bevel 
block  with  a  bevel  angle  of  5*44’ 
which  gives  a  depth  resolution  of  5 
jum.  Two  tips  are  then  leaned  on  the 
surface  with  a  controlled  pressure  and 
the  application  of  a  small  voltage 
makes  possible  to  measure  the 
spreading  resistance  value. 


3. RESULTS  AND  DISCUSSION 

Spreading  resistance  measurements  (Ra) 
are  shown  in  Fig.l  for  1243  K  diffused 
samples.  The  resistivity  ( p)  values 
are  obtained  by  appropriate 
calibration  performed  by  using 
homogeneously  doped  samples  and  the 
experimental  data  are  fitted  by 
R8“870  p0,98.  To  convert  resistivity 
into  gold  concentration  it  is 
necessary  to  solve  the  charge 
neutrality  equation  in  the  form 

P  +  nAu”  n  +  NAu  +  NB  ^ 

where  p  and  n  are  the  holes  and 
electrons  r  incentration  ,  NA*  and  NA" 
are  the  concentrations  of  the 
positively  and  negatively  charged  gold 
atoms  and  Ng  is  the  concentration  of 
boron  in  the  substrate.  The  values  of 
NA+  and  Na'  depend  on  the  entropy 
factors  of  both  donor  and  acceptor  (XD 
,XA)  gold  related  levels  [6J.  For  the 
adopted  wafer  doping  and  gold 
concentration  the  gold  acceptor  level 
has  a  negligible  influence  on  the 


final  results  and  can  be  neglected. 


Fig.l-Resistivity  profiles  at  1243  K 
for  different  diffusion  times. 


The  solution  of  (1)  and  the  mobility 
values  given  in  ref.  7  lead  to  the 
relation  between  the  resistivity  and 
the  gold  concentration  .which  is  shown 
in  Fig. 2  for  different  XD  values.  As 
it  appears  the  XD  value  strongly 
affects  the  conversion  resistivity  - 
gold  concentration.  Because  of  the 


Fig. 2-Silicon  resistivity  versus  gold 
concentration  for  different  Xp 
values . 
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large  spread  o£  the  XD  value  existing 
in  literature  [8,9,10,11]  such 
conversion  is  affected  by  large 
uncertaties.  Using  the  calculations 
reported  in  fig. 2  the  resistivity 
profiles  have  been  converted  into 
concentration  profiles  and  the  total 
amount  of  gold  into  the  wafer  (area 
under  profile;  has  been  determined  as 
a  function  of  XD  as  shown  in  fig  3. 
The  value  of  the  area  for  each  thermal 
process  is  determined  by  RBS 
measurement.  It  is  thus  possible  to 
determine  the  XD  value  which  is  found 
to  be  28+2  .  Gold  diffuses  in  silicon 
by  migration  of  the  fast  interstitial 
atoms  that  can  jump  to  substitutional 
positions.  Two  different  mechanisms 
have  been  proposed  for  the  interchange 
between  interstitial  and 
substitutional  position.  In  the  Frank- 
Turnbull  mechanism  [12]  the  reaction 
is  given  by 

Aut  +  V  Aus 

where  V  is  a  vacancy.  In  the  kick-out 
mechanism  [13]  , 

Auj  Aus  +  I 


Fig.3-Total  Au  concentration  (at. /cm2) 
at  1243  K  as  a  function  of  XD. 


where  i  is  a  silicon  interstitial.  The 
two  mechanisms  lead  to  a  different 
trend  of  the  gold  concentration  at  the 
center  of  the  wafer  thickness  (Cj) 
versus  diffusion  time  (t).  The  kick- 
out  one  predicts  that  C®  increases 
according  to 

C®-C®9x2/d(irD*  t)1/2 

where  d  is  the  sample  thickness  ,C®9 
the  solubility  limit  and  Dj  is  an 
effective  diffusion  coefficient  given 
by 

D*”Di  cfq/c|q 

C®9  and  Dj  being  the  equilibrium 
concentration  and  the  diffusion 
coefficient  of  silicon  interstitial 
respectively.  In  Fig. 4  we  report  C® 
as  a  function  of  t^2  :  the 

agreement  with  the  kick-out  mechanism 
is  rather  good  and  we  can  estimate  the 
effective  diffusion  coefficient  for 
the  investigated  temperatures.  An 
Arrhenius  plot  of  D*  is  reported  in 
Fig. 5  and  the  data  are  fitted  by  the 
relation 


Fig. 4-Gold  concentration  at  the  center 
of  the  wafer  thickness  (C®)  as  a 
function  of  diffusion  time  for 
different  temperatures. 
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D*  -  7.0*10‘3  exp(-1.61/KT)  em2/sec 
shown  as  solid  line  in  fig. 5. 


Temperature  1*0 ) 


Fig.5-Arrenius  plot  of  the  effective 
coefficient  D*(see  text). 

4.  CONCLUSIONS 

By  using  gold  implanted  samples  we 
have  investigated  the  diffusion 
process  of  gold  in  silicon.  Our  data 
are  in  reasonable  agreement  with  the 
kick-out  mechanism.  The  activation 
energy  for  the  diffusion  and  the 
entropy  factor  of  the  gold  related 
donor  level  have  been  determined  and 
they  result  1.61  eV  and  28 
respectively. 
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OPEN  STENCIL  MASKS  FOR  ION  PROJECTION  LITHOGRAPHY 
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Fraunhofer-Instltut  fur  Mlkrostrukturtechnlk 
Dlllenburger  Str.  53.  0  1000  Berlin  33,  West  Germany 


A  processing  scheme  for  the  manufacturing  of  an  open  stencil  mask  has  been  set  up  by 
application  of  silicon  technology  and  only  one  single  X-ray  lithography  step  for 
pattern  generation.  The  mask  fabrication  Is  fully  adapted  to  the  demands  of  an  Ion 
projection  lithography  equipment  by  IMS.  It  has  been  proved  that  this  mask  technolo¬ 
gy  permits  solid  structures  of  a  complex  geometry  with  high  pattern  fidelity. 


1.  INTRODUCTION 

Ion  projection  lithography  promises  to  be  a 
successful  method  yielding  structures  in  the 
0.1  pm  range  /l/.  To  achieve  the  optimum  gain 
from  this  system  open  stencil  masks  should  be 
used  which  are  designed  to  fulfill  the  special 
requirements,  i.e.  adapted  to  the  ion  beam  di¬ 
vergence,  the  tension  by  thermal  stress  and 
the  sputter  yield  by  particle  bombardment.  A 
silicon  meaibrane  with  a  nitride  top  layer 
(Fig.  1)  revealed  to  be  most  suitable  for  this 
purpose. 

Considering  the  demands  of  an  IMS  ion  pro¬ 
jection  lithography  machine  the  fabrication  of 
an  open  stencil  mask  will  be  given.  Pattern 
generation  was  performed  by  X-ray  exposition, 
whereas  the  general  processing  is  well  esta¬ 
blished  in  CMOS  technology. 


20mm 


FIGURE  1 

Schematic  cross-section  through  an  open  sten¬ 
cil  mask  for  Ion  projection  lithography  genera¬ 
ted  from  a  4"  silicon  wafer  (0.5  mm  thick). 


2.  PROCESSING  SEQUENCE 

2.1  Preparation  of  the  Membrane 
The  production  of  the  thin  membrane  (Fig. 
2)  followed  the  same  process  schedule  as  ap¬ 
plied  for  the  absorber  masks  in  X-ray  lithogra¬ 
phy  III.  A  P-doted  4"  silicon  wafer  served  as 
the  substrate  on  which  a  silicon  layer  of  2  to 
3  pm,  containing  boron  and  germanium,  was  depo¬ 
sited  epitaxially  +.  Subsequently,  a  silicon 
nitride  layer  of  0.12  pm  was  precipitated  by  a 
LPCVD  process  which  is  essential  for  pattern 
definition  later  on.  Because  the  tensile 
strength  between  nitride  and  silicon  layer  is 
very  pronounced  additional  "impurity*  atoms 
were  implanted  ,  which  lowered  the  stress  con¬ 
siderably  by  rearranging  the  lattice  of  the 
nitride.  When  omitting  this  step,  the  membrane 
cracked  in  the  concluding  etching  of  silicon 
yielding  debris  of  colled  up  fragments. 

The  thin  membrane  was  prepared  by  a  two- 
step  process.  Starting  with  an  isotropically 
eroding  mixture  of  different  acids  (HF,  HNOj, 
CHjCOOH)  a  smooth  transfer  from  the  original 
backside  of  the  wafer  to  the  brim  of  the  foil 
was  formed  followed  by  applying  an  ethylenedl- 
amlnepyrocatechol  (type  S)  etching  agent  remo¬ 
ving  silicon  till  the  highly  boron  doped  layer 
was  excavated.  With  different  covering  masks 
windows  corresponding  to  the  geometry  of  the 
Intended  ion  transmission  area  could  be  set. 
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vapor  deposition  of 
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FIGURE  2 

Process  scheme  for  open  stencil  masks 


2,2  Pattern  Generation  by  X-Ray 
Lithography 

The  pattern  was  generated  by  exposing  an 
HPR  resist  with  synchrotron  radiation  through 
an  absorber  mask.  For  details  concerning  manu¬ 
facturing  of  the  mask  and  the  conditions  of 
exposure  see  /3/.  Due  to  the  transparency  of 

the  membrane  the  pattern  could  be -transferred 

/ 

with  coincidence  into  resist  layers  spunned  on 
both  sides  of  the  foil  by  only  one  exposure 
step.  The  pattern  fidelity  of  the  backside 
test  structures  were  routinely  checked  In  a 
light-optical  microscope.  Fig.  3  shows  a  corre¬ 
sponding  SEM  micrograph. 


FIGURE  3 

Pattern  fidelity  of  HPR  on  the  backside  of  the 
membrane  after  exposition  to  synchrotron  radia¬ 
tion  and  development  (SEM). 


2.3  Pattern  Transfer  -  Opening  of  the  Mask 

Pattern  transfer  Into  the  nitride  layer  of 
the  topside  of  the  membrane,  i.e.  the  face  the 
ion  beam  impinges  on,  was  performed  by  an  RIE 
process  in  a  batch  reactor  (AME  8111).  Employ¬ 
ing  a  CHFj/O^  discharge  the  nitride  was  patter¬ 
ned  yielding  bias-free  side  walls  without  poly¬ 
mer  depositions.  Thus,  the  exact  pattern  defi¬ 
nition  could  be  obtained  (Fig.  4). 

For  the  purpose  of  mask  opening  a  second 
RIE  process  using  the  fluorine  containing  com¬ 
ponents  SFC  and  CHF  was  determined.  Etching 

0  j 

with  chlorine  (BC13/C12  or  CCl^),  although  ge¬ 
nerally  in  practice,  would  have  required  a 
load  lock  on  the  apparatus  and,  therefore,  a 
sophisticated  system  to  handle  the  fragile 
foils. 

This  process  has  been  optimized  to  form  the 
tilted  sidewall  corresponding  to  the  divergen¬ 
ce  of  the  ion  beam.  The  intended  angle  of  84" 
could  only  be  obtained  by  sufficient  sidewall 
passivation  by  species  from  the  resist  and  the 
plasma.  CHF^  undergoes  ion-molecule  reactions 
in  the  plasma  by  which  species  of  a  high  mass 
number  (precursor  to  polymer  formation)  were 
originated.  Therefore,  the  CHF3  flow  was 
varied  In  order  to  deposite  a  protecting 
layer,  whereas  the  SFg,  the  main  source  for 
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FIGURE  4 

Pattern  transfer  Into  the  nitride  layer  by  an 
RIE  process  (CHF./0-).  HPR  was  stripped  In  ace¬ 
tone.  i  6 

the  highly  reactive  F  atoms,  was  responsible 
for  the  amount  of  the  etching  rate.  The  best 
approach  was  obtained  balancing  these  two  ef¬ 
fects  with  a  ratio  CHF^SFg  of  1  (Fig.  5). 

Further  consideration  had  to  be  put  on  the 
thermal  stress  of  the  membrane  and,  especial¬ 
ly,  the  resist  by  the  etching  process.  Because 
the  thermal  conductivity  of  the  delicate  net¬ 
work  is  low,  the  transition  from  the  wafer  to 
the  support  was  improved  by  a  metal  plate,  to 
guarantee  a  better  drain  for  the  heat. 

Due  to  the  high  selectivity  of  the  silicon 
etch  process  with  regard  to  the  nitride  an 
overetch  could  be  applied  to  open  the  Intended 
fields  all  over  the  active  mask  area  without 
affecting  the  shape  of  the  nitride  sidewalls. 
Fig.  6  depicted  a  tapered  structure  obtained 
by  etching  silicon  with  the  submitted  process. 

Finally,  the  resist  was  rinsed  In  acetone 
and  a  gold  coating  was  deposited  on  the  mask 
to  prevent  charging.  Fig.  7  shows  a  4"  wafer 
with  a  35  mm  diameter  membrane,  which  has  an 
open  area  of  35X. 


FIGURE  5 

Sidewall  protection  of  silicon  by  polymers 
from  the  resist  and  the  CHFj/SFg  plasma 


FIGURE  6 

Tapered  sidewalls  of  silicon  test  structures 
proposed  to  serve  as  a  mask  for  Ion  projection 
lithography.  The  resist  has  already  been  dis¬ 
solved  In  acetone. 
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FIGURE  7 

Total  view  on  a  4"  mask  with  an  active  area  of 
35  mm  in  diameter.  The  high  transparency  demon¬ 
strates  the  extreme  thinness  of  the  membrane. 

3.  CONCLUSIONS 

Open  stencil  masks  carrying  test  structures 
in  the  pm-range  and  below  could  be  obtained  by 
applying  X-ray  lithography  for  a  self-aligned 
pattern  generation  on  a  membrane  coated  with 
resist  on  both  sides  and  a  pattern  transfer 
splitted  into  two  RIE  processes.  The  «>"act  pat¬ 


tern  definition  has  been  performed  in  a  ni¬ 
tride  layer,  whereas  a  special  profile  In  the 
supporting  silicon  was  arranged  by  an  etching 
process  with  compounds  containing  fluorine. 
For  compensating  the  stress  between  these  two 
layers  an  additional  doping  process  of  the  si¬ 
licon  has  been  developed. 
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NOTES 

/+/  Boron  in  a  concentration  of  1020cnf3  can 
terminate  the  chemical  etching  of  silicon  with 
an  EDPS  solution  and  thus  forming  the  membra¬ 
ne.  Germanium  has  been  admixed  for  the  purpose 
of  internal  stress  compensation. 
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In  this  paper  we  present  a  new  zero-bird's  beak  process  which,  with  an  additional 
photolithographic  step,  substitutes  the  thermal  fully-recessed  field  oxide  for  a  CVD  oxide. 
With  this  process  we  have  fabricated  devices  which  present  a  very  small  narrow 
channel  effect.  Moreover,  the  use  of  a  reference  mask  increases  the  process 
reproductivity  and  reduces  the  probability  of  the  double-threshold  voltage  effect.  The 
cross-section  and  electrical  results  are  presented. 


1  .INTRODUCTION 

To  overcome  the  difficulties  of  LOCOS  process  in 
VLSI,  several  new  isolation  technologies  {1-4], 
which  employ  a  deposited  oxide  as  a  fully  recessed 
field  oxide,  have  been  proposed.  From  these 
technologies,  the  BOX  process  [2],  which  uses  an 
additionnal  mask  step  and  a  double  resist 
patterning  technique  prior  to  a  planarization 
etch-back,  is  the  most  interesting.  Nevertheless,  its 
major  drawback  is  that  the  thickness  of  the  resist 
may  be  different  for  various  layout  designs.  As  a 
result  of  that,  the  field  oxide  thickness  may  vary  in 
different  areas  [5]. 

In  this  paper,  we  present  a  new  BOX 
process.which  allows  us  to  obtain  a  uniform  field 
oxide  independently  of  the  layout  design  by  using 
an  additional  photolithographic  step  and'  two 
polysilicon  layers. 

2.FROCESS 

The  starting  material  is  <100>  orientated,  140.  cm 
p-wafers.  First,  a  pad-oxide  is  grown  and  a  nitride 
layer  is  deposited.  After  a  photolithographic  step  to 
delineate  the  active  regions  both  layers  are  etched. 
The  reasons  to  use  the  nitride  layer  will  be 
discussed  later.  Then  grooves  are  etched  in  the 
silicon  substrate  with  a  KOH  solution  up  to  a  depth 
of  0.3  Jim,  using  the  nitride  film  as  mask.  A  thermal 


oxidation  is  carried  out  to  improve  the  quality  of 
the  Si02/Si  interface.  After  the  channel-stop 

implantation,  a  SiC^  layer,  with  an  equal  thickness 
(or  little  more)  to  that  of  the  Si  groove  depth,  is 
deposited  by  CVD{1]  (Figure  l.a).  A  polysilicon  layer 
is  deposited  and  etched  by  plasma  with  the  help  of 
an  additional  resist  mask  which  protects  the 
polysilicon  in  the  field  areas  (Figure  l.b).  The 

grooves  between  the  polysilicon  1  and  the  oxide 
walls  are  refilled  with  a  second  polysilicon  layer 
(Figure  l.c).  Figure  l.d  shows  the  stucture  after 

polysilicon  2  etch-back  and  SiC>2  etching.  During 

the  last  step,  the  nitride,  the  polysilicon  and  the 
pad-oxide  layers  are  removed  to  obtain  the 

desirable  structure. 

Figure  2  illustrates  the  utility  of  the  nitride 

mask.  This  layer  is  used  as  a  reference  mask.  After 
it  has  been  removed  we  are  sure  that  all  the  active 
areas  in  the  wafer  are  recovered  with  the  same 
oxide  thickness,  independently  of  the 
misuniformity  during  polysilicon  and  oxide 
etching  steps.  The  better  the  uniformity  is,  the 
thinner  the  silicon  nitride  layer  can  be.  The 

choice  of  the  reference  mask  material  is  limited  by 
three  drawbacks:  it  may  not  be  oxide,  it  must  resist 
KOH  solution,  it  must  be  stable  at  high  temperature. 
Therefore  we  have  chosen  silicon  nitride. 

Moreover  the  reference  mask  must  assure  a 
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a) 


b) 

POLYSfUCON  1 


FIGURE  1 

Fabrication  process  steps. 


small  positive  transition  step  between  the  active 
and  the  field  areas  which  will  reduce  the  double 
threshold  effect{5], 

3  .RESULTS 

The  SEM  cross-sections,  Figures  3  and  4,  show 
the  structures  obtained  following  our  process.  It 


FIGURE  2 

The  reference  mask  serves  to  correct  the 
misuniformity  produced  during  polysilicon  mask 
(AP.M.)  and  oxide  (AOx.)  etching  steps. 

can  be  seen  that  there's  no  bird's  beak  formation 
and  that  the  field  oxide  thickness  is  uniform 
(except  at  the  edge). 

To  present  the  electrical  results  of  BOX  technology, 
we  will  compare  them  with  the  results  of  SILO 
technology,  wich  furnish  better  characteristics 
than  LOCOS[6].  Both  technologies  were  carried  out 
with  the  same  test  circuit  and  with  natural 
transistors  wich  present  a  more  important 
narrow -channel  effect  than  enhanced  ones  due  to 
the  lower  doping  level  of  the  channel. 


FIGURES 

Field  oxide  area.  The  top  of  the  structures  is  covered 
with  0.3  pm  polysilicon  to  evidence  the  oxide 
profile. 
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FIGURE  4 

Active  area  with  W=  1.3  pm. 


TABLE  1 

PROCESS 

DOSE  (cm'2) 

THRESHOLD  (V) 

SILOl 

2  E  13 

12.4 

SILO  2 

1  E  13 

6.5 

BOX 

1.6  E  12 

9.7 

Table  I  shows  the  field  implantation  dose  and 
the  field  oxide  threshold  voltage  for  each  structure. 
The  threshold  voltage  is  defined  at  1jj=1E-6  A  for  a 
parasitic  field  transistor  with  W/L=  100  pm/20  pm. 

From  Table  I,  we  can  deduce,  that  for  the  same 
field  threshold  voltage,  the  dose  used  in  BOX  is  ten 
times  Iesser.Thcreby  the  narrow-channel  effect  is 
nearly  suppressed,  as  shown  in  Figure  5. 

The  subthreshold  curves  (Figure  6)  are  plotted 
for  different  drain  polarisation  (Vq=  3.0v  and  O.Sv) 
and  clearly  show  the  absence  of  double-threshold 
effect[7],  which  can  appear  in  the  subthreshold 
characteristics  of  devices  isolated  with  a  BOX  field 
oxide[  11. 

^CONCLUSIONS 

We  have  presented  a  new  technology  viewing,  to 
obtain  a  field  recessed  CVD  oxide,  ensuring  the 
oxide  uniformity  independently  of  the 
layout. Moreover  the  use  of  a  reference  mask 


AVt  (mV) 


FIGURES 

Narrow-channel  effect.  The  respective  field  oxide 
threshold  are,  BOX:  9.7v,  SILOl:  12.4v,  SIL02:  6.5v. 


Log(l)  (Amp) 


VG  (Volts) 


FIGURE  6 

Subthreshold  characteristics  of  a  transistor  with 
W/L*  1.9  pm/20  pm.  No  double-threshold  effect  is 
shown.  VS*  Ov,  VB*  Ov. 
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eliminates  double-threshold  effect  because  it 
prevents  silicon  steps  in  the  active  area  edge.  All 
that  prove  the  advantages  of  using  CVD  oxide  as 
field  oxide  for  VLSI  circuits. 
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NOTES 

{l)We  use  a  PYROX  machine  to  deposite  CVD 
oxide. 
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The  influence  of  the  reoxidation  after  gate  patterning  on  NMOS  transistor 
characteristics  is  investigated.  As  the  channel  length  Lo  is  reduced  the 
devices  exhibit  a  reoxidation  related  VT  increase.  This  VT  variation  is 
explained  by  a  non-uniform  oxidation  enhanced  diffusion  of  the  channel 
dopant  along  the  channel. 


INTRODUCTION 

In  order  to  maintain  long  channel 
behaviour  at  submicron  channel  lengths 
(  La  s  1.0  }im)  high  doping 
concentrations  in  the  channel  region  are 
required.  He  consider  the  case  where 
this  is  achieved  by  a  double  channel 
implant.  For  punchthrough  reduction  a 
high  dose  deep  implant  is  used. 
Consequently  the  channel  profile 
exhibits  a  maximum  in  the  bulk. 

After  the  gate  patterning  etch  a 
reoxidation  step  may  follow  prior  to  or 
after  the  LDD  implantation.  In  this  work 
we  focus  on  the  NMOS  transistor 
characteristics  due  to  the  influence  of 
this  particular  oxidation. 

DEVICE  FABRICATION 

n-* -poly-Si-gate  n-channel  transistors 
with  conventional  LDD  technique  were 
used.  The  gate  oxide  thickness  was 
20  nm.  After  gate  patterning  a  dry 
reoxidation  at  900°C  was  performed.  The 
following  cases  were  investigated:  a)  a 
40  min  reoxidation  prior  to  phosphorus - 
LDD  implant  and  b)  a  8  min  reoxidation 
before  and  after  the  LDD  implant.  In 
both  cases  the  total  processing  time  at 
900°C  was  the  same.  The  junction  depth 
was  approximately  0.35  |im. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

It  is  found  that  the  threshold  voltage 
VT  increases  as  La  is  reduced  in  the 
case  of  reoxidation.  The  VT  increase  for 
different  channel  implants  is  shown  in 
Fig . 1 .  Note  that  there  is  a  VT  increase 
already  for  Lo  S  3  |im.  It  is  a  long 
range  effect.  In  Fig.  2  the  effect  of 
the  reoxidation  time  tRKOx  on  Vr  is 
shown.  The  channel  implants  are  the  same 
in  both  cases.  The  difference  dVT  refers 
to  the  maximum  VT  value  minus  the  long 
channel  (La  =  10  pm)  VT  value. 

In  principle  a  V-r  increase  could  be 
related  to  the  bird's  beak  at  the  gate 


l.l  1  II  pm  mi 
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FIGURE  1: 

Threshold  voltage  vs  channel  length 
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AV 


FIGURE  2: 

Threshold  voltage  variation  vs  channel 
length . 


edge  due  to  the  reoxidation.  An  increase 
of  U>ox  could  induce  a  further  VT 
increase.  But  it  does  not  fit  to  the 
long  range  character  of  the  effect  we 
observe.  Furthermore  the  bird's  beak 
lies  within  the  n~-region.  Samples  made 
without  channel  implant  in  highly  doped 
substrates  showed  no  VT  increase  for 
channels  as  short  as  La  3  1  iut  for  tRKOjc 
=  40  min  before  short  channel  effects 
took  over. 

He  explain  the  Vt  enhancement  by  a 
non-uniform  dopant  redistribution  along 
the  channel  region  near  the  surface  due 
to  the  reoxidation  step.  During  gate 
reoxidation  a  local  oxidation  enhanced 
diffusion  (OED)  /l/  occurs.  The  channel 
dopant  diffusion  is  not  only  enhanced 
under  the  oxidized  region  but  also  in 
the  adjacent  unoxidized  channel  area. 
The  channel  profile  has  its  maximum  in 
the  bulk  as  shown  in  Fig. 3.  Therefore 
the  lateral  injection  of  the  institials 
leads  to  a  local  enhancement  of  the 
boron  diffusion  normal  to  the  surface. 
He  expect  the  lateral  increase  of  the 
surface  concentration  Cm  along  the 


channel  to  vary  according  to  the  lateral 
interstitial  decay  length  lx.  A 
schematic  diagram  is  shown  in  Fig. 4.  It 
follows  that  even  for  very  long  channels 
Vt  will  be  slightly  enhanced  compared 
with  the  laterally  uniform  channel 
profile  case.  A  similar  V»  behavior  has 
been  observed  for  DI-LDD  transistors  due 
to  the  deliberate  boron  halo 
implantation,  however  for  much  shorter 
channels,  Lo£0.5  nm  /2/. 

As  La  is  reduced  below  2*li  the  regions 
of  enhanced  Cm  are  expected  to  merge 
leading  to  a  further  Vt  increase.  The 
onset  of  the  Vt  increase  determines  the 
lower  bound  for  lx.  From  Fig.  1  and  2  we 
have  2*lx»3  |im  in  agreement  with  the 
values  reported  in  the  literature  for 
lx  /1,3/. 

In  Fig. 3  the  simulated  1-D  vertical 
doping  profiles  are  shown  for  the  case 
where  the  oxidation  is  treated  as  an 
inert  anneal  (solid  line),  and  when  OED 


FIGURE  3 i 

Simulated  vertical  profiles  with  and 
without  OED. 
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0  1 1  1*9/2 

FIGURE  4s 

Schematic  diagram  of  lateral  Cs. 


is  included  (dashed  line) .  The  latter 
profile  represents  thus  the  channel 
profile  near  the  gate  edges.  The  solid 
line  profile,  on  the  other  hand, 
corresponds  to  the  vertical  profile 
halfway  between  source  and  drain  for  La 
>  2*lx.  The  experimental  data  for  dVT 
and  the  simple  model  predictions  are  in 
satisfactory  agreement  (Fig. 5  and  6). 

Since  the  concentration  gradient  6Cs/Sx 
is  the  driving  force  for  the  doping 
redistribution,  the  local  increase  or 
decrease  of  Cs  depends  on  the  magnitude 
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FIGURE  Ss 

Threshold  voltage  variation  vs  channel 
implant  energy. 


and  sign  of  the  gradient  of  the  channel 
profile  at  the  surface.  In  our  case 
(Fig. 3)  the  positive  gradient  will 
induce  a  lateral  increase  of  Ca  which 
acts  as  an  additional  surface 
punchthrough  stop. 

Therefore  by  controlling  the 
concentration  gradient  it  should  be 
possible  to  control  dVT.  Fig.  5  shows 
the  dVo?  dependence  on  the  implant  energy 
E»a  of  the  deep  implant  for  a  constant 
implant  dose.  With  increasing  Ea<*  the 
concentration  gradient  diminishes,  thus 
reducing  dV»  .  in  Fig .  6  the  calculated 
dVT  as  function  of  E*.A  and  of  the 
concentration  gradient  is  shown.  Notice 
the  good  qualitative  agreement  with  the 
experimental  data  from  Fig.  5.  There  is 
a  tight  correlation  between  dVT.  t**o* 
and  the  gradient  of  the  channel  profile 
at  the  surface. 

As  a  positive  gradient  helps  improve 
the  short  channel  behaviour,  the 
opposite  happens  for  a  negative 
gradient.  In  this  case  the  short  channel 

dC/dx  ( 10,,Cfn,pml  ) 
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FIGURE  61 

Simulated  threshold  voltage  variation  vs 
channel  implant  energy  and  concentration 
gradient . 
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FIGURE  7s 

Simulated  OED  efects  for  a  shallow  channel 
implant . 


effects  are  enhanced.  Fig.  7  shows  an 
example  of  the  channel  implant  with  its 
concentration  maximum  at  the  surface.  In 
this  case  the  oxidation  step  would 
deteriorate  the  VT(Lo)  behaviour. 


SUMMARY 

We  have  shown  that  a  reoxidation 
step  after  gate  patterning  induces  a 
lateral  non-uniform  redistribution  of 
the  channel  dopant.  This  redistribution 
is  due  to  the  local  OED  effect  which 
affects  strongly  the  short  channel 
behavior  of  NMOS  transistors.  We  have 
demonstrated  that  there  is  a  tight 
relation  between  the  process  parameters 
and  the  short  channel  behavior  which 
can  be  technologically  controlled. 
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The  thermal  redistribution  of  fluorine  from  111  keV 
BF2+  molecular  ion  implants  in  (100) Si  and  56  nm  thick 
thermally  grown  Si02  films  on  Si  substrates  has  been 
studied  using  the  Nuclear  Resonance  Broadening  (NRB) 
technique.  Vacuum  annealing  at  temperatures  up  to  at 
least  700°C  lead  to  no  loss  or  redistribution  of 
fluorine  from  either  the  pure  Si  or  oxidised  Si 
samples.  Fluorine  diffusion  took  place  for 
temperatures  of  900°  C  and  above.  At  these 
temperatures  fluorine  was  lost  from  the  Si  samples  but 
agglomerated,  most  probably  at  the  Si02/Si  interface  in 
the  oxidised  samples. 

1 .  INTRODUCTION 

In  recent  years  BF2+  molecular  ion 
implantation  has  been  widely  employed  in 
Metal  Oxide  Semiconductor  (MOS) 
technology  for  the  production  of  shallow 
B-doped  layers.  These  shallow  doped 
layers  are  important  not  only  for  the 
source  and  drain  regions  but  also  BF2+ 
implants  in  Si02/Si  structures  are  used 
for  threshold  voltage  control  and  the 
fabrication  of  high-capacitance  cells 
for  memory  applications [1]  . 

The  fluorine  that  is  co-implanted 
with  the  boron  dopant  constitutes  a 
potentially  troublesome  impurity  since 
fluorine  segregation  to  the  Si02/Si 
interface  is  associated  with  degradation 
of  the  breakdown  characteristics  of  MOS 
structures [1-3] .  It  is  generally  assumed 
that  fluorine  is  lost  even  from  capped 
samples  during  thermal  annealing  at 
9 00°C  and  above.  However  no  unambiguous 
study  has  to  our  knowledge  been  reported 
but  a  recent  study  on  capped  samples [4] 


suggests  that  segregation  of  fluorine  to 
the  Si02/Si  interface  might  take  place. 

Recently  Transmission  Electron 
Microscopy  (TEM)  studies [5, 6]  show  that 
gas  bubbles  are  formed  during  annealing 
at  elevated  temperatures.  The  presence 
of  such  TEM  visible  gas  bubbles  implies 
that  profiling  techniques  that  rely  on 
sputter-erosion  will  give  erroneous 
profiles  and  early  work  should  therefore 
be  critically  examined.  Moreover  in 
MOS  structures  the  fluorine  distribution 
may  differ  significantly  from  the  case 
of  implantation  into  pure-Si  since 
chemical  driving  forces  and  radiation 
enhanced  mobility[7]  may  significantly 
modify  the  redistribution  of  fluorine 
(and  boron)  . 

2 .  EXPERIMENTAL 

2xl015  111  keV  nB19F2+  ions-cm'2  were 
implanted  into  (100) Si  wafers  that  were 
cleaned  by  dipping  in  a  HF  1:10 
solution,  as  well  as  (100) Si  wafers  that 
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were  thermally  grown  to  form  a  thin 
oxide  layer, (to  mimic  a  gate  oxide) . 
The  wafers  were  subsequently  divided  and 
vacuum  annealed  at  temperatures  between 
550°C  and  1000°C  for  30  min. 

The  thickness  of  the  oxide  layers  on 
the  HF-dipped  and  oxidised  Si  samples 
were  determined  using  mass  and  energy 
dispersive  recoil  spectrometry [8]  to  be 
2.5  and  56  nm  respectively  assuming  bulk 
densities  and  stoichiometry. 

Fluorine  was  quantitatively  profiled 
in  the  structures  using  the  Nuclear 
Resonance  Broadening  (NRB)  technique. 
The  340  keV  proton  energy  resonance  in 

the  19F(p,ay)160  reaction  was  used, 
which  is  well  suited  for  depth  profiling 

fluorine  with  the  high  sensitivity 
required  for  impurity  profiling  in 
microelectronic  s t r uct ur es [ 9- 1 2 ] . 
Protons  from  the  University  of  Helsinki 
2.5  MV  Van  de  Graaff  accelerator  were 
used  to  excite  the  reaction,  and  the 
emitted  y-rays  were  detected  in  a 
scintillation  counter  system[ll, 12] . 

3.  RESULTS  AND  DISCUSSION 

No  change  in  the  fluorine  depth 
distributions  were  observed  in  either 
the  HF-dipped  or  oxidised  samples  as  a 
consequence  of  thermal  annealing  in 
vacuum  up  to  700°C  for  30  min,  which  is 
higher  than  the  temperature  required  to 
achieve  epitaxial  regrowth  and  a 
reasonable  degree  of  electrical 
activation.  The  co-implanted  fluorine 
is  however  clearly  mobile  in  both  sample 
structures  during  annealing  at  900°C, 
especially  in  the  region  where  most  of 
the  implantation  induced  damage  resides. 
In  the  more  extreme  case  of  the  1000°C 
anneal  where  the  fluorine  is  very 
mobile,  there  is  a  marked  difference  in 
the  fluorine  depth  profiles  from  the  Si 
and  the  Si02/Si  samples.  About  90  at .  % 


of  the  co-implanted  fluorine  in  the  Si 
sample  was  lost  through  the  surface. 
(The  low  solid  solubility  of  F  in 
crystalline  Si  rules  out  diffusion  to 
greater  depths.)  No  significant  fluorine 
loss  is  observed  from  the  BF2+ 
implanted  Si02/Si  structures  at  this 
temperature  but  the  fluorine  coalesces 
to  a  thin  layer.  Most  probably  the 
fluorine  has  segregated  to  the  Si02/Si 
interface,  however  the  proton  energy 
determination  was  insufficient  to  allow 

us  to  completely  rule  out  segregation  to 
the  Si02  surface. 
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DOPANT  REDISTRIBUTION  FROM  ION  IMPLANTED  WSi2  ON 
POLY-SI 

S  Nygren  ■>,  D  Levy  b>,  G  Goltz  and  J  Torres 

C.N.E.T./C.N.S.,  Chemin  du  Vieux  Chdne,  BP  98,  F-38243  Meylan,  France 

The  possibility  of  doping  the  polycrystalline  silicon  in  a  polycide  configura¬ 
tion  by  implantation  into  the  silicide  and  subsequent  thermal  diffusion  has 
been  evaluated.  In  a  first  step  It  is  demonstrated  that  a  phosphorus  Implan¬ 
tation  to  a  dose  of  5E15  cm*2  into  WSi2  can  produce  flatband  voltages  simi¬ 
lar  to  those  obtained  by  conventional  diffusion  doping  into  the  polysilicon. 
This  is  true  even  If  2E15  cm*2  boron  is  subsequently  Implanted.  Secondly 
arsenic  and  boron  implantations  were  tried  with  the  aim  to  produce  n-  and 
p-doped  gates  respectively.  Work  function  shifts  between  the  two  species 
approaching  1  V  indicate  that  typical  source/draln  implantations  may  be 
used  for  this  purpose. 


1.  INTRODUCTION 

One  consequence  of  the  continuing  shrinkage  of  VLSI 
geometries  is  that  heavily  doped  polycrystalline  silicon 
can  no  longer  provide  the  low  resistive  interconnects 
required  to  realize  the  potential  performance  improve¬ 
ments  offered  by  reduced  channel  lengths.  This  con¬ 
dition  has  been  foreseen  for  some  time,  and  double 
layers  of  poly-Si  and  a  refractory  metal  silicide  are  now 
coming  into  use.  In  this  configuration  the  silicide  acts 
as  a  shunt,  reducing  the  overall  sheet  resistivity  without 
influencing  the  well  behaved  and  well  characterized 
poly-Si/Si02  interface.  As  a  result  of  this  approach  the 
need  for  very  high  doping  levels  in  the  polysilicon 
layer,  to  lower  its  resistivity,  can  be  relaxed,  and  im¬ 
plantation  doping  may  become  applicable. 

Another  consequence  of  the  reduction  of  lateral  dimen¬ 
sions  is  that  n*  polysilicon  may  have  to  be  replaced  by 
a  material  with  a  higher  work  function  as  the  gate  ma¬ 


terial  for  p-channel  transistors.  The  reason  is  that  it  is 
becoming  increasingly  more  difficult  to  at  the  same  ti¬ 
me  adjust  the  threshold  voltage  and  avoid  short  chan¬ 
nel  behaviour  in  these  devices.  For  CMOS  technology 
a  possible  solution  to  this  growing  concern  may  be  the 
use  of  p+  polysilicon  for  the  p-channel  transistors, 
whereas  n-channel  gates  remain  n+  polysilicon. 

For  process  simplicity  an  ideal  condition  would  be  if 
such  an  n+/p+  design  could  be  realized  by  the  source/ 
drain  implants.  In  particular  the  corresponding  doses 
have  to  be  adequate  to  set  the  electrical  characteristics 
of  the  gates  to  proper  and  reproducible  values.  For  sili- 
cide/polysilicon  structures  a  desired  process  sequence 
would  include  implantation  after  silicide  deposition. 

The  dopants  should  preferably  be  driven  into  the  un¬ 
derlying  silicon  and  activated  by  a  subsequent,  already 
existing,  annealing  step.  Promising  results  in  this  field 
have  been  reported  for  TaSi2  [1 . 2]  and  WSi2  for  shal¬ 
low  junction  formation  [3].  This  paper  presents  results 
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for  a  polycide  configuration  having  tungsten  silicide  as 
the  top  lay?  'rhe  possibility  of  simply  replacing  con¬ 
ventional  F  Jl3  diffusion  doping  by  a  phosphorus  im¬ 
plantation  into  silicide  was  also  tested,  and  the  influen¬ 
ce  of  an  additional  boron  implantation  was  studied. 

2.  EXPERIMENTAL 

Wafers  used  for  the  phosphorus  implantation  investi¬ 
gation  were  (100)  oriented,  p-type  silicon.  The  layered 
structures  were  formed  by  thermal  oxide  growth, 

LPCVD  polysilicon  deposition  and  cosputtering  of  the 
silicide  film.  Typical  thicknesses  were  25,  230  and  1 50 
nm  respectively.  Prior  to  silicide  deposition  reference 
wafers  were  doped  by  POCI3-diffusion  and  wafers  to 
be  implanted  were  annealed  at  850  °C  for  30  min  in 
02.  The  latter  had  phosohorus  implanted  into  the  sili¬ 
cide  at  1 00  keV  and  to  doses  of  5E1 5  and  1  El 6  cm'2. 
The  as  deposited  amorphous  silicide  had  a  stoichio¬ 
metry  close  to  WSi2  3  as  measured  by  RBS.  A  transfor¬ 
mation  into  a  polycrystalline  film  was  achieved  by  rapid 
thermal  annealing  at  900  °C  for  20  s  in  N2  and  2E15 
cm'2  boron  was  implanted  at  30  keV.  This  step  simula¬ 
ted  the  compensating  implantation  to  which  p-channei 
gates  are  subjected  in  a  self  aligned  CMOS  process. 

An  introductory  examination  revealed  that  identical 
electrical  results  were  obtained  wether  or  not  the  crys¬ 
tallization  anneal  was  performed.  1-1  mm2  capacitors 
were  patterned  and  etched  and  the  polycide  structures 
were  oxidized  resulting  in  a  remaining  poly-Si  thick¬ 
ness  of  150  nm.  Following  a  high  temperature  anneal 
at  1 100  °C  for  20  s  and  removal  of  the  capping  oxide 
the  back  surface  was  prepared  by  etching,  aluminum 
deposition  and  annealing. 

A  slightly  different  procedure  was  employed  for  the  wa¬ 
fers  produced  for  work  function  determination.  Gate 


oxides  were  grown  to  various  thicknesses  and  etched 
in  buffered  HF  to  form  bevels  ranging  from  15  to  60  nm. 
Polysilicon  annealing,  silicide  crystallization  and  poly¬ 
cide  oxidation  were  excluded.  The  polysilicon  thick¬ 
ness  was  therefore  150  nm  as  deposited.  Silicide  de¬ 
position  was  followed  by  arsenic  or  boron  implantation 
at  1 80  and  30  keV  respectively  and  to  doses  in  the 
range  from  1  El 5  to  1  El 6  cm'2  The  chosen  energies 
correspond  to  typical  values  for  shallow  junction  for¬ 
mation.  A  60  nm  thick  encapsulating  oxide  was  deposi¬ 
ted  by  PECVD  to  prevent  loss  off  dopants  during  the 
subsequent  1100  °C,  20  s  anneal.  Capacitor  formation 
concluded  the  fabrication. 

Samples  for  SIMS  and  RBS  analysis  were  cut  from  un¬ 
patterned  but  identically  processed  wafers. 

3  RESULTS  AND  PfSCUSSIQH 

Arsenic  redistribution  was  recorded  by  backscattering 
spectrometry  (RBS).  The  situation  after  a  10  s  anneal 
at  1 1 00  °C  is  shown  in  Figure  1 .  It  is  clear  that  most  of 
the  impurity  atoms  have  diffused  out  from  the  silicide 
into  the  polysilicon  and  to  the  interface  between  the 
two  layers.  The  result  after  20  s  at  the  same  temperatu¬ 
re  was  almost  identical.  This  behaviour  has  previously 
been  observed  by  Jahnel  et  al  [4J.  Similar  characteri¬ 
zations  by  means  of  SIMS  analysis  are  in  progress  for 
the  boron  and  phosphorus  distributions.  Pan  et  al  [5] 
have  presented  evidence  for  a  high  affinity  for  boron  in 
WSi2. 

Automatic  mapping  of  flatband  voltages  was  performed 
to  compare  the  differently  phosphorus  doped  polycide 
capacitors.  Capacitance-voltage  characteristics  were 
measured  for  65  capacitors  on  each  wafer  and  three 
wafers  were  analysed  for  each  doping  procedure  and 
dose.  Whether  the  impurity  had  been  introduced  by 
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conventional  diffusion  into  the  poly-Si  or  by  implanta¬ 
tion  into  the  silicide  flatband  voltages  were  similar.  This 
holds  also  for  the  low  dose  implantation  (5E15  cm'2).  In 
Figure  2  the  range  of  VFB  values  is  indicated  for  the 
different  conditions.  The  appearently  greater  disper¬ 
sion  displayed  by  the  diffused  capacitors  may  to  some 
extent  be  attributed  to  the  larger  number  of  good  capa¬ 
citors  measured  in  this  case.  The  cause  for  the  poor 
yield  exhibited  by  the  implanted  wafers  was  not  unam¬ 
biguously  identified.  An  equivalent  concentration  for 
the  POCI3  samples  was  measured  by  SIMS  analysis 
and  comparison  with  a  reference  sample  of  known 
concentration. 
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FIGURE  1 .  RBS  spectra  showing  the  arsenic  distribu¬ 
tion  as  implanted  into  the  silicide  and  after  annealing  at 
1 100  °C  for  10  s. 

Wafers  with  bevelled  gate  oxides  were  subjected  to  the 
C (V)  mapping  and  oxide  thickness  as  well  as  flatband 
voltage  were  recorded  for  each  capacitor.  If  oxide  char¬ 
ges  are  limited  to  fixed  oxide  charges  at  the  Si/Si02 
interface,  flatband  voltage  depends  linearly  on  oxide 
thickness.  The  difference  in  work  function  is  then  given 
by  the  intercept  at  tox*0  and  the  slope  represents  the 
fixed  charge  concentration.  Figure  3  is  such  a  plot  for  a 
wafer  implanted  with  arsenic  to  a  dose  of  1  El  5  cm  2. 
The  excellent  alignement  of  the  points  is  a  good  indi¬ 


cation  of  the  validity  of  this  method.  However  there  is  a 
shift  in  the  absolute  value  of  the  work  functions  and  a 
study  of  its  origin  is  under  way.  Nevertheless  some  in¬ 
teresting  information  may  be  deduced  from  an  exami¬ 
nation  of  the  relative  shifts  for  the  different  conditions. 
The  lowest  aMS  value,  representing  the  highest  arsenic 
dose,  was  taken  as  a  reference  point  and  set  to  zero  in 
Figure  5.  For  arsenic  doping  all  values  are  less  than 
0.1  eV  from  this  value.  The  recording  for  the  4E15  cm  2 
dose  can  be  explained  by  a  slight  falloff  from  the  equi¬ 
librium  depletion  capacitance  resulting  in  higher  calcu¬ 
lated  flatband  voltages  for  these  capacitors.  Boron  im¬ 
planted  wafers  display  an  increase  in  bms  with  increa¬ 
sing  implantation  dose.  The  shifts  range  from  0.94  to 
1 .07  eV  relative  to  the  reference. 
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FIGURE  2.  Flatband  voltages  for  three  different  phos¬ 
phorus  concentrations.  The  lower  doses  were  implan¬ 
ted  into  the  silicide  and  subsequently  diffused  by  an¬ 
nealing  at  1100  °C  for  20s.  The  highest  dose  was  di¬ 
rectly  diffused  into  polysilicon  from  a  POCI3  source.  For 
each  condition  the  number  of  good  capacitors  is  indica- 


The  possibility  of  replacing  conventional  phosphorus 
diffusion  doping  by  implantation  into  the  silicide  and 
subsequent  drive  in  annealing  in  a  tungsten  based  po- 
lycide  stack  was  examined.  A  comparison  of  flatband 
voltages  indicate  that  a  phosphorus  dose  as  low  as 
5E15  cm'2  partially  compensated  by  2E15  cm'2  boron 


OXIDE  THICKNESS  [A] 


FIGURE  3.  Flatband  voltage  vs.  oxide  thickness  fora 
wafer  implanted  with  arsenic  to  a  dose  of  1  El 5  cm-2 
and  annealed  at  1100  °C  for  20  s. 
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FIGURE  4.  Work  function  shifts  for  various  arsenic  and 
boron  doses  implanted  into  silidde.  The  highest  arse¬ 
nic  dose  was  arbitrarily  taken  as  a  reference. 


is  sufficient  to  produce  electrical  characteristics  similar 
to  those  obtained  for  POCI3  doping  of  the  polysilicon 
layer.  A  similar  investigation  of  arsenic  and  boron  im¬ 
planted  structures  revealed  that  work  function  differen¬ 
ces  of  about  1  eV  between  the  two  cases  could  easily 
be  obtained.  Reproducibility  was  excellent  over  the 
wafers.  This  doping  procedure  thus  seems  to  be  a  pos¬ 
sible  means  of  realizing  the  n+/p+  gate  CMOS  without 
increasing  the  doses  beyond  what  is  typically  being 
used  for  source  and  drain  implantations. 
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ABSTRACT 

The  modelled  and  measured  capabilities  of  the  Bipolar  Heteroj unction  Transistor  are 
reviewed.  The  device  Is  shown  to  have  potential  In  high  speed  digital  ICs  and  In 
microwave  power  amplification.  It  has  demonstrated  a  world  beating  record  for  high  speed 
divider  circuits  but  Is  being  hotly  pursued  by  the  Silicon  Bipolar  Junction  Transistor. 

On  paper  It  has  promised  much  and  It  Is  now  becoming  a  reality. 


1.  INTRODUCTION  AND  OVERVIEW 

The  Bipolar  Heterojunction  Transistor 
(BHJT)  offers  a  unique  combination  of 
advantages.  It  draws  on  existing  bipolar  logic 
Integrated  circuit  design  and  performance,  the 
speed  of  GaAs  and  the  gain  enhancement  of  a 
wide  band-gap  emitter.  In  this  paper  we  review 
the  origins  and  basis  of  the  device  and  assess 
Its  progress. 

1.1  Why  Bipolar? 

For  logic  Integrated  circuits  SI  bipolar  ECL 
offers  the  fastest  switching  available  (albeit 
at  a  cost  of  high  power  consumption),  compared 
with  rival  structures  such  as  CMOS.  ECL  divide 
by  four  circuits  have  been  reported,  toggling 
at  9.1GHz  [1].  Bipolar  transistors  also 
display  superior  threshold  voltage  uniformity 
compared  to  field  effect  devices.  For 
microwave  power  amplification  the  bipolar 
transistor  provides  the  highest  output  power  at 
the  highest  frequencies  (70W  (pulsed)  at 
3.5GHz  [2]  and  2W  at  9GHz  [3])  compared  with 
Its  generic  rivals  such  as  MOSFET  amplifiers 
and  (at  least  at  lower  frequencies)  MESFETs. 

1.2  Why  GaAs  Bipolar? 

The  ultimate  speed  t  ^  bipolar  transistor 
Is  determined  by  the  ■v  •  It  time  of  carriers 


through  the  base  and  collector  and  so 
enhanced  mobility  Is  an  advantage  In  GaAs 
compared  with  SI.  The  availability  of  a 
semi -Insulating  substrate  reduces  stray 
capacitance  in  circuits  and  reduces 
transmission  delays  Introduced  by  'lossy'  SI 
substrates.  A  very  Important  advantage  of 
GaAs  Is  the  possibility  of  Including  optical 
functions  such  as  optical  interconnects, 
lasers  and  detectors  on  the  same  chip  as  the 
transistor.  Optical  Interconnects  offer 
speed  and  complexity  advantages  over  standard 
electrical  connections.  GaAs  also  has  the 
peripheral  advantage  of  radiation  hardness. 
The  disadvantages  Include  reduced  carrier 
lifetime  In  GaAs,  and  poor  thermal 
conductivity. 

1.3  Why  Heterojunction? 

Homojunction  bipolar  transistors  cannot 
combine  high  current  gain  with  low  base 
resistance.  In  order  to  enhance  the  gain  the 
ratio  of  emitter  to  base  doping  must  be 
high.  Upper  limits  on  doping  depend  on  the 
technology  and  also  loss  of  mobility  and 
structure.  Conversely  the  base  doping  may 
not  be  too  low  because  of  the  effect  on 
Intrinsic  base  resistance.  In  SI  BJTs 
emitter  dopings  In  excess  of  1020cm"3  are 
feasible  but  In  GaAs  only  mid  1018cm"3 


ts  more  conaonly  achieved.  To  add  a  further 
dimension  to  the  design,  AIGaAs  can  be  grown 
lattice  matched  to  GaAs.  Since  Injection 
ratios  depend  exponentially  on  the  band-gap 
difference  [4]  relatively  small  concentrations 
of  A1  (15-20%)  are  normally  adequate  to  give 
freedom  In  emitter  and  base  doping.  Very  large 
current  gains  can  be  achieved  or  traded  for 
decreased  emitter  doping  and  Increased  base 
doping  leading  to  lower  capacitance  and  lower 
base  resistance.  The  use  of  the  hetero Junction 
provides  an  extra  degree  of  freedom  to  the 
designer  In  choosing  doping  profiles.  Band-gap 
grading  may  also  be  used  to  provide  field 
gradients  to  reduce  transit  times  In  the  base. 

There  are,  however,  some  disadvantages  In 
having  an  AIGaAs  emitter.  These  Include 
Increased  off-set  voltage  and  reduce  carrier 
lifetime  at  the  hetero  junction  Itself  [5]. 


Figure  1  Plessey  Process  II  Cross-section 

2  THE  PHYSICS  OF  BIPOLAR  HETEROJ UNCTION 
TRANSISTORS 

Figure  1  shows  a  cross-section  of  the 
Plessey  process  II  BHJT  structure.  It  Is  an 
Implanted  base  structure  and  will  be  taken  as 
a  typical  geometry  for  our  discussion  of 
device  physics.  For  convenience  we  can 
divide  the  problem  Into  a  one-dimensional 
structure  following  minority  carriers 
vertically  through  the  layers  from  emitter  to 
collector  and  a  two-dlranslonal  network 
Incorporating  the  lateral  base  geometry, 


extrinsic  Implant  regions  and  the  emitter, 
base  and  collector  contact  regions.  Such  a 
separation  has  Its  limitations  since  the 
device  Is  really  three-dimensional  and  the 
effects  In  the  third  dimension.  Illustrated 
by  the  SEM  plan  view  In  figure  2  due  to  via 
pad  proximity  etc.  are  not  negligible.  The 
approximations  do  however,  prove  to  be 
effective  in  predicting  measured  results. 


Figure  2  Plessey  Process  II  Plan 

2.1  One-dimensional  Structure 

Figure  3)  shows  a  simulated  band  diagram 
for  typical  BHJT  layer  structure  In 
one-dimension  under  zero  applied  bias  [6]. 

The  aluminium  concentration  has  been 
deliberately  graded  with  a  parabolic  position 
dependence  In  the  region  of  the  junction. 

This  has  the  effect  of  removing  the 
conduction  band  'spike'  brought  about  by  the 
conduction  band  off-set.  Much  work  has  been 
performed  on  the  effects  of  the  conduction 
band  spike  on  Injection  efficiency  [4]  hot 
electron  effects  [7]  and  enhanced 
recombination.  It  has  been  concluded  that 
thermal Isatl on  Is  likely  to  be  very  rapid 
leading  to  no  useful  speed  enhancement  from 
hot  electron  effects  and  most  designers 
choose  to  suppress  the  spike  by  grading  to 
enhance  Injection  efficiency. 
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Figure  3  Simulated  Band  Diagram  for  Zero  Bias 

With  a  graded  junction  It  Is  reasonable  to 
approxlmte  the  Injection  physics  by 
simplifying  to  the  usual  homojunction  case  with 
the  built-in  voltage  modified  by  the  net  band 
off-set  voltage.  More  detailed  analyses  are 
available  [4]  but  the  above  simplification 
allows  an  Important  generalisation  of  the 
device  models  and  permits  the  use  of  standard 
homo junction  circuit  simulation  techniques  such 
as  SPICE  [8]  allowing  rapid  device  and  circuit 
design  for  BHJTs  based  on  existing  silicon  BJT 
circuit  families. 

2.Z  Two-dimensional  Equivalent  Circuit 

Parasltlcs  In  the  two-dimensional  equivalent 
circuit  slow  down  the  practical  BHOT  device. 
Relatively  large  extrinsic  capacitances 
(extrinsic  base-collector)  and  even  Intrinsic 
(base-emitter  and  base-collector)  capacitances 
are  typical  of  devices  currently  reported.  In 
addition,  current  state  of  the  art  contact 
resistances  on  GaAs  are  significantly  higher 
than  corresponding  silicon  technology. 
Geometries  can  be  reduced  to  solve  the 
parasitic  capacitance  problem  but  contact 
resistances  become  dominant.  Emitter  contact 
resistance  can  be  very  large  and  dominates  the 
total  emitter  resistance  although  the  use  of  a 
GalnAs  layer  will  Improve  this  as  discussed 


later.  Similarly,  the  large  base  contact 
resistance  means  that  the  total  base  resistance 
1$  dominated  by  extrinsic  effects  and  the 
Importance  of  the  Intrinsic  distributed  base 
resistance  (dominant  In  silicon)  Is  much 
reduced. 

We  conclude  that  the  BHJT  Is  descrlbable  by  a 
modified  BJT  model  with  more  emphasis  placed 
on  the  extrinsic  'parasitic'  network  which 
can,  quite  effectively,  be  bolted  on  to  the 
Intrinsic  ' one-dimensional '  description. 

3  MODELLING  THE  BHJT 

It  Is  vital  that  any  programme  of 
modelling  should  be  both  predictive  and 
capable  of  relating  basic  design 
characteristics  such  as  geometry  and  doping 
directly  to  circuit  performance.  Although 
optimisation  and  massaging  of  parameters  to 
fit  DC  and  RF  measurements  has  Its  place  when 
tuning  up  models  on  'production'  devices  for 
use  In  advanced  C.A.D.,  It  Is  of  very 
limited  use  at  the  research  and  design 
stage. 

3.1  Parameter  Extraction  and  Equivalent 

Circuit  Development 

We  describe  In  this  section  a  method  we 
have  developed  to  provide  a  complete 
modelling  strategy  for  predictive  design  [9]. 
Parameters  are  extracted  from  basic  geometry, 
layer  specifications  and  test  structure 
measurements.  A  variety  of  small  and  large 
signal  equivalent  circuits  are  generated  and 
these  are  then  used  In  simulation  packages  to 
calculate  discrete  transistor  DC  and  RF 
characteristics  and  full  logic  circuit 
performance.  Work  Is  also  under  way  to 
develop  packages  for  large  signal  microwave 
simulation  for  power  BHJTs  based  on  methods 
developed  for  MESFETs  [10].  The  overall 
modelling  scheme  Is  displayed  as  a  flow  chart 
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The  small  and  large  signal  equivalent 
circuits  are  based  on  the  Gurneel  and  Poon  and 
Ebers-Moll  models  [8].  The  resultant  circuits 
are  appropriate  for  further  analysis  In  various 
packages.  Small  signal  analysis  using 
1  SUPERCOMPACT 1  generates  s-parameters ,  provides 
links  Into  MMIC  design  and  gives  options  for 
further  optimisation  once  measured  device 
characteristics  are  available.  A  small  signal 
simulator  has  been  written  [9],  which  treats 
the  lateral  spread  of  the  emitter,  base  and 
collector  layers  as  three  coupled  active 
transmission  lines  terminated  In  the  extrinsic 
Impedances  provided  by  the  base  and  collector 
contacts.  The  basic  circuit  structure  Is  shown 
schematically  in  figure  5.  This  distributed 
model  Is  particularly  suited  to  large  power 
devices,  and  Is  an  Important  improvement  over 
lumped  element  transmission  line  models  used 
for  silicon  BJTs. 


In  figure  4.  Two  Inter-related  routes  are 
Illustrated  below  the  basic  geometry  Inputs. 

For  purely  predictive  modelling,  emphasis  Is 
placed  on  the  left  hand  ‘ab-initio  route'. 

Here  the  designer  only  specifies  his  required 
doping  profiles  and  materials  data  from  which 
much  of  the  junction  capacitance  sheet 
resistivity  and  carrier  mobility  must  be 
extracted.  Once  a  layer  has  been  grown  and 
large  geometry  test  structures  processed  more 
direct  Information  on  sheet  resistivity 

junction  capacitance  and  contact  resistance  can 
be  supplied  via  the  right  hand  'measured 
layers'  route.  We  stress,  however,  that  these 
measurements  are  still  at  the  fundamental  level 
of  layer  and  process  parameters,  actual 
transistor  character sties  are  not  used  at  this 
stage.  Indeed,  measurement  of  layer  capacitance 
is  often  a  more  reliable  test  of  actual  grown 
layer  and  doping  structure  than  any  direct 
attempt  to  measure  doping  profiles  (by  SIMS  for 
example). 


Figure  5  The  Plessey 

Distributed  Circuit  Model 
Showing  the  Transmission 
Line  Active  Element 
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Finally,  a  large  signal  model  Is  provided 
for  SPICE  simulations.  Here  the  discrete 
transistor  can  be  simulated  at  DC  and  RF  and 
most  Importantly  full  logic  circuits  can  be 
evaluated.  This  last  activity  Is  Important 
since  the  performance  of  Individual  devices  is 
critically  dependent  on  their  Input  and  output 
matching.  The  only  reliable  way  to  determine 
the  performance  of  a  particular  device  design 
Is  to  measure  and  simulate  Its  performance  In  a 
full  circuit.  To  this  end  we  choose  ECL  divide 
by  four  circuits  because  they 
contain  typical  gate  configurations  used  In 
ECL  design. 

3.2  Intrinsic  Device  Model 

Inside  the  parameter  extraction  program 
the  Input  data  Is  processed  using 
conventional  device  models.  Junction  and 
diffusion  capacitances  are  calculated  using 
the  usual  transistor  theory  [8]  with  the 
modifications  for  band  offsets  discussed  In 
section  2  [4],  Parasitic  resistances  are 
calculated  from  the  layer  and  contact 
dimensions  together  with  the  layer 
resistance  and  contact  resistance  either 
calculated  from  mobility  data  or  entered 
directly  as  a  measured  parameter. 

Transport  of  minority  carriers  Is 
calculated  on  a  drift  and  diffusion  model  In 
the  base,  allowing  for  any  built-in  fields 
provided  by  graded  aluminium  concentrations. 

In  the  collector,  a  saturated  drift  model  Is 
used.  A  more  sophisticated  description  of 
the  transport  can  be  obtained  from  a  finite 
difference  numerical  model  [6]  which  takes  a 
proper  account  of  velocity  field 
characteristics  and  the  effect  of  the 
heterojunction.  Either  way  the  resultant 
transport  Is  described  In  the  equivalent 
circuit  by  an  effective  diffusion 
capacitance  through  the  Gummel-Poon  (GP) 
description  [8]. 


4.  Characterising  the  BHJT 

Characterisation  measurements  for  BJHT 
devices  owe  much  to  experiences  on  SI  BJTs. 
However,  by  Its  very  nature  the  BHJT  Is  a 
high  frequency  device  and  requires  full  blown 
microwave  techniques  to  measure  at  RF. 

4.1  DC  Characterisation 

Standard  DC  measurements  of  Gummel  Plots 
[8],  DC  and  AC  current  gain,  verses  collector 
current.  Ideality  and  I-V  characteristics  are 
made  for  forward  and  reverse  operation. 

These  can  be  used  to  Improve  the  basic  DC 
model  by  specifying  parasitic  leakage  effects 
on  the  gain  and  non  Ideal  diode 
characteristics,  both  of  which  are  difficult 
to  quantify  In  a  predictive  way.  We  would 
highlight  this  area  as  being  one  requiring 
further  work  in  order  to  close  the  loop  on  a 
completely  predictive  model. 

4.2  RF  Characterisation 

As  discussed  In  section  3  the  most 
Informative  RF  measurements  are  those  made  on 
full  logic  circuits.  Such  tests  have  been 
made  by  on  wafer  RF  probing  and  then 
subsequently  the  selected  circuits  have  been 
bonded  Into  a  purpose  built  RF  jig  for 
analysis  with  minimum  parasitic  effects. 

5  RESULTS  AMD  COMPARISON  OF  SIMULATIONS  AND 
MEASUREMENTS 

We  report  results  obtained  on  the  Plessey 
Process  II  devices  and  circuits  with  two 
different  emitter  sizes.  The  total  emitter 
dimensions  of  the  large  device  are  4  microns 
x  10  microns  (metal  contact  width  is  2 
microns)  and  the  smaller  device  2.5  microns  x 
5  microns  (metal  contact  width  1.5  microns). 
Calculations  have  been  performed  using 
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parameters  appropriate  to  current  processed 
devices  which  can  be  compared  with 
measurements. 

5.1  Discrete  Transistors 

Discrete  device  results  are  for  an  earlier 
batch  of  transistors  to  those  quoted  In  the 
full  circuit  results  below.  In  all  cases  a 
nominal  0.2  microns  wide  base  layer  doped  at 
4  x  1018cm~3  Is  assumed.  Via  pads,  extrinsic 
to  the  device  are  Isolated  using  an  02 
Implant  which  leaves  a  residual  parasitic 
capacitance.  This  Is  Included  In  the  model 
and  can  be  reduced  to  a  small  value  when 
predicting  future  device  performance  when  a 
deep  proton  Implant  Is  Implemented. 


Figure  6  Measured  and  Modelled  Gain  for 
a  4lur  Device 

Figure  6  shows  a  comparison  of  the 
measured  and  modelled  gain  characteristics 
for  a  4  micron  device.  It  Is  stressed  that 
no  subsequent  'optimisation'  of  the  model  has 
been  used  to  Iqprove  the  fit.  All  the  model 
parameters  are  as  predicted  from  the  known 
layer  specification  and  device  geometry.  The 
agreement  Is  very  encouraging. 


5.2  Logic  Circuits 

Both  ECL  ring  oscillators  and  ECL  divide 
by  four  circuits  have  been  processed, 
measured  and  simulated.  Ring  oscillators 
functioned  successfully  under  5mA  and  2mA 
tall  currents.  However,  we  found 
experimentally  and  confirmed  theoretically, 
that  higher  order  modes  are  easily  excited. 
These  confuse  the  Interpretation  of  gate 
delays  and  cast  doubt  on  some  of  the  very 
fast  results  reported  In  the  literature. 


Figure  7  Micrograph  of  the  Completed  Divide  by 
Four  Die 


Floure  8  SPICE  Prediction  of  Circuit  Performance 
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Divide  by  four  circuits  have  been 
fabricated  In  both  4  micron  and  2.5  micron 
transistor  variants.  Figure  7  shows  a 
photograph  of  a  fabricated  circuit.  By  talcing  a 
typical  set  of  layer  and  process  parameters  a 
SPICE  simulation  predicted  a  maximum  toggle 
frequency  of  7.7GHz  for  2.5  micron  circuits. 

The  simulated  waveforms  are  shown  in  figure  8. 
Figure  9  shows  the  waveforms  for  a  fabricated 
2.5  micron  divide  by  four  circuit  measured  on 
wafer.  The  circuit  toggled  at  up  to  5.7GHz. 

The  agreement  Is  very  satisfying  particularly  In 
the  shape  of  the  output  waveform. 


Figure  9  Measured  Performance  Showing 

a  Divide  by  Four  Circuit  Toggling 
at  5.7GHz 

Results  for  the  4  micron  circuits  on  an 
earlier  batch  showed  much  closer  agreement.  In 
this  case  the  predicted  toggle  frequency  Is  3GHz 
and  measured  Is  3.3GHz.  Of  particular 
Interest  Is  the  failure  mode  as  the  frequency  Is 
Increased.  The  measured  circuits  evolve  Into  a 
divide  by  six  mode  and  the  simulations  predict 
exactly  this  failure.  This  adds  to  our 
confidence  In  the  predictive  capability  of  the 
model.  Power  consumption  can  be  very 
significant  since  In  order  to  maintain  the  gain 
all  the  transistors  run  at  between  2.5mA  and 
5mA.  Measured  power  consumption  for  the  2.5pm 
divider  Is  about  1  watt  at  present  but  this  will 
be  significantly  reduced  when  smaller  geometries 
are  used.  Chang  et  al  [11]  report  a  2pm  CML 
divide  by  four  circuit  toggling  at  11GHz  with  a 


power  consumption  of  315mW. 

5.3  Effects  of  Process  Variation  and 
Improvement 

Having  validated  the  model  against 
measurement  it  Is  possible  to  Identify  which 
parameters  are  most  critical  and  require 
Improvement  and  which  are  less  sensitive  and  can 
be  traded. 

In  table  1  we  catalogue  the  effect  of 
taking  our  basic  parameter  set  (used  In  the 
simulation  of  figure  8)  and  varying  a  limited 
selection  of  parameters,  changing  just  one  in 
each  case.  Emitter  and  collector  contact 

resistances  are  seen  to  be  significant  and  In 
the  case  of  the  collector  a  significant 
Increase  In  circuit  output  swing  was  also 
predicted. 

The  effect  of  reduced  base  thickness  Is 
Interesting  since  It  Increases  the  Intrinsic 
base  resistance  and  trades  this  for  shorter 
transit  time.  The  net  effect  Is  a 
significant  Increase  In  divider  toggle 
frequency  showing  clearly  that  the  Intrinsic 
base  resistance  Is  not  critical.  If  all  the 
critical  parameters  are  set  at  our  expected 
achievable  values  (as  seen  In  our  development 
experiments)  the  predicted  best  operation  for 
2.5pm  devices  Is  a  divide  by  four  toggle 
frequency  of  11GHz  In  the  case  of  using  02  as 
the  via  pad  Isolation  and  23GHz  using  a  total 
Isolation  procedure  with  protons. 

6  BHJTs:  ALTERNATIVE  STRUCTURE 

Various  alternative  structures  have  been 
developed  throughout  the  world.  The  basic 
layer  structures  feature  both  single 
heterojunction  [ 11 ]  and  double  heteroj unction 
[5]  variants.  Inclusion  of  a  second 
heteroj unction  at  the  base-collector  Interface 
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TABLE  1 


Parameter  Varied 

Emitter  Contact 

flcm2 

Collector  Contact 

Qcm2 

Base  Width 

(UR 

fmax 

GHz 

f4* 

GHz 

Basic  Set 

5  x  10-6 

2  x  10'5 

0.2 

13 

7.7 

Emitter  Contact 

2  x  10-« 

2  x  10'5 

0.2 

15 

8.9 

Collector  Contact 

5  x  10-6 

2  x  10-6 

0.2 

15 

8.6 

Base  Width 

5  x  lO-6 

2  x  lO"5 

0.1 

15 

8.7 

*  maximum  toggle  frequency  for  a  divide  by  four 
circuit 

Is  Intended  to  reduce  offset  voltage,  offer 
flexibility  In  operating  transistors  In  forward 
and  reverse  mode  and  reduce  hole  Injection  Into 
the  collector  (particularly  Important  for 
saturating  logics  such  as  I2L  but  not  critical 
for  ECL). 

Consideration  has  been  given  to  the 
advantages  of  an  Inverted  structure  In  which 
the  collector  layer  Is  grown  on  top  [12].  This 
has  the  Important  advantage  of  reducing 
collector  capacitance  although  at  the  expense 
of  Increased  collector  resistance  (small  area 
contact)  and  Increased  emitter-base 
capacitance. 

Contact  to  the  base  layer  Is  normally 
achieved  either  by  direct  Implantation  [9]  or 
by  a  mesa  etch  to  the  base  [11].  Implantation 

has  the  advantage  of  retaining  planarity  of 
surface  and  also  lends  Itself  to  easier  self 
alignment  structures.  A  possible 
disadvantage  Is  the  creation  of  damage 
leading  to  leakage  paths  and  parasitic 
diodes  which  reduce  current  gain.  The 
direct  etch  to  the  base  layer  has  the 
disadvantage  that  the  base  layer  Is  very 
thin  (0. 05-0.3  microns)  and  such  an  etch  has 


to  be  very  accurate,  also  ohmic  contacts 
have  to  be  formed  onto  this  layer. 

Reduction  In  collector  capacitance  has 
been  achieved  In  the  direct  etch  structure 
by  using  a  deep  proton  Implant  through  the 
base  contact  region  to  Isolate  some  of  the 
extrinsic  base-collector  area  [13].  Self 
alignment  techniques  also  reduce  this 
extrinsic  area  [13]  and  address  the  problem 
of  emitter  contact  resistance  In  small 
geometry  structures  by  extending  the  emitter 
contact  up  to  and  beyond  the  edges  of  the 
emitter  crystal  [13]. 

7  BHJTs:  WORLD  POSITION 

At  the  time  of  writing  the  world  best 
position  for  BHJT  circuit  performance  can  be 
sunnarlzed  by  table  2. 

These  results  are  In  line  with  our  model 
prediction  which  suggests  that  the  Plessey  2.5um 
process  should  run  with  divide  by  4  circuits 
toggling  at  well  In  excess  of  11GHz. 

8  INTEGRATED  CIRCUIT  PROCESSES 

In  digital  logic  both  silicon  and  GaAs 
techniques  are  now  competing  for  gate  delays 
much  less  than  30ps.  In  GaAs  systems,  MESFET 
logic  offers  quite  high  speed  with  relatively 
low  power  consumntlon.  1€SFET  BFL  divider 
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TABLE  2 


NTT  [13] 

Self  aligned  with  proton 
Implanted  regions  2  x  5pm2  ECL 

ft  •  45GHz  fmax 

f4*  *  13.7GHz 

-  65GHz 

Rockwell  [11] 

Self  aligned  base  contact 
with  proton  Implanted  regions 
2.5  x  4.5pm2 

ft  -  45GHz 

f4*  *  11 GHz  (CML) 

*  Maxima#  toggle  frequency  for  a  divide  by 
4  circuit 

circuits  have  been  reported,  toggling  at  up  to 
17.9GHz  [14],  dissipating  657mM.  MESFETs  do 
however  suffer  from  threshold  uniformity  and 
fan  out  problems  (low  current  drive).  Some 
Improvement  In  uniformity  has  been  reported  by 
the  use  of  HEMT  devices  but  Is  still  a  problem. 
BJHTs  have  by  amparlson  displayed  excellent 
standard  deviation  In  threshold  voltage  (2.5mV 
across  a  one  Inch  square  wafer  reported  by  Chang 
et  al  [11])  and  have  the  Intrinsic  advantage  of 
substantial  current  gain  for  good  fan-out.  The 
MESFET  result  featured  a  0.25pm  gate  length, 
which  Is  likely  to  cause  yield  problems  whereas 
the  BHJT  Is  predicted  to  be  capable  of  speeds 
In  excess  of  18GHz  with  critical  dimensions 
greater  than  liun. 

Super  self  aligned  SI  BJT  circuits  have 
been  fabricated  [1]  with  30ps  gate  delays  and 
nearly  10GHz  toggle  frequency  for  divider 
circuits  and  7K  gate  complexity  has  been 
reported  by  NTT.  Similar  results  have  been 
reported  by  Hitachi  using  a  variant  process. 
However,  the  NTT  result  features  a  0.35 
micron  wide  emitter  which  compares  with  the 
current  2-mlcron  wide  BHJT  emitter  toggling 
at  the  same  frequency  [11,  12].  Self  aligned 
BHJT  designs  which  reduce  the  emitter  size 


substantially  will  give  outstanding 
Improvements  In  speed  and  power  consumption 
and  lead  to  Increased  Integration.  It  Is 
clear  that  the  SI  devices  are  stretched  to 
the  limit  whereas  the  BHJT  has  plenty  of  room 
for  Improvement. 

In  microwave  power  the  race  Is  again 
between  the  BHJT,  the  Si  BJT  and  the  GaAs 
MESFET.  At  X  band  both  SI  [4]  and  MESFET 
[10]  have  shown  output  powers  from  1-2M.  No 
measured  results  are  available  for  the  BHJT 
but  Its  Intrinsically  higher  speed  {fmax 
~65GHz  as  quoted  in  section  7),  should  give 
it  the  edge  over  SI  bipolar.  The  fact  that 
it  Is  a  bipolar  device  means  that  It  can 
carry  a  higher  current  density  than  the 
MESFET  and  so,  at  least  In  pulsed  mode,  much 
higher  powers  at  higher  frequencies  are 
possible. 

9  CONCLUSIONS  AND  A  LOOK  INTO  THE  FUTURE 

We  conclude  that  the  BHJT  has  a  solid  place 
In  the  fields  of  high  speed  logic  and  microwave 
power.  It  has  already  obtained  a  slight  edge 
over  Its  rivals  In  divider  performance  and  is 
developing  smaller  geometries  and  self  aligned 
techniques  which  will  ensure  Its  dominance. 
Microwave  power  performance  Is  as  yet  untried 
but  the  extra  power  of  the  bipolar  concept 
combined  with  the  speed  of  GaAs  must  make  It  a 
threat  to  the  MESFET  at  high  frequency  and  the 
Si  BJT  at  Intermediate  frequencies. 

Many  options  exist  for  Improved  technology, 
like  the  use  of  refractory  contacts  and  GalnAs 
ohmic  contact  layers.  Higher  speed,  lower  power 
and  higher  Integration  will  come  from  self 
aligned  structures  with  smaller  geometries  (one 
micron  or  less)  and  Improved  contact 
resistance.  New  materials  such  as  GalnAs  In 
the  base  of  a  GaAs  device  offer  Improved 
performance  [15].  The  addition  of  Indium  gives 
the  designer  freedom  to  vary  the  band  gap  below 


that  of  GaAs.  Graded  bases  are  therefore 
possible  leading  to  built-in  fields  without 
detracting  from  the  injection  efficiency  which 
is  maintained  by  the  A16aAs  emitter.  It  may 
even  be  feasible  to  make  a  GaAs  emitter  with  a 
GalnAs  base.  The  reduced  overall  band-gap  will 
lower  the  operating  voltages  and  Improve  circuit 
performance  and  design  tolerance.  The  strain 
Introduced  by  the  Indium  Is  thought  to  be 
acceptable  (devices  have  been  successfully 
fabricated  In  this  system  [15])  and  may  even 
lead  to  a  strained  layer  effect  on  the  valence 
band  reducing  the  hole  mass  and  Improving 
mobility!  The  possibility  of  using  InP  based 
structures  with  GalnAsP  bases  [16]  offers 
Improved  performance  and  possible 
optoelectronic  Integration. 

There  now  exists  some  Interesting 
speculation  on  possible  new  structures  such  as 
Induced  base  transistors  [17]  and  quantum  well 

bases  [18].  The  Induced  base  device  offers 
an  Improvement  on  the  metal  base  transistor 
since  It  uses  a  2D  electron  gas  as  a  base 
which  provides  low  base  resistance  but  allows 
hot  electrons  to  penetrate  to  the  collector 
with  high  gain.  A  quantum  well  In  the  base 
Is  a  useful  physics  tool  since  It  allows 
for  the  controlled  Injection  of  carriers 
Into  the  well  without  distorting  Its 
shape.  A  possible  three  level  logic 
device  has  also  been  proposed  [18].  These 
are  but  two  examples  of  the  exciting 
structures  that  can  be  envisaged  when  the 
concepts  of  band-gap  engineering  are  used. 

Future  transistor  designs  must  exploit 
this  to  the  full. 
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The  speed  of  bipolar  technologies  is  limited  by  two  time  constants. 

One  of  these  time  constants  is  caused  by  parasitic  effects,  the  other 
one  by  the  base  transit  time.  In  this  paper  an  attempt  is  made  to  weigh 
both  figures  for  optimum  performance  at  different  circuit  designs. 


1 .  INTRODUCTION 

The  limits  of  performance  data  of 
bipolar  integrated  circuits  are  deter¬ 
mined  by  the  dynamic  parameters  of  the 
technology.  A  commonly  used  figure  of 
merit  is  the  expression:  II] 

F  =  [FT/( 2n  x  RB  x  CP)]1/2,  where  FT 
is  the  transit  time,  RB  the  base 
resistance  and  CP  stands  for  parasitic 
capacitances  of  the  bipolar  transistor. 
However,  this  figure  can  not  be  applied 
to  all  types  of  circuits  because  the 
optimum  ratio  of 

TB  =  1/ ( 2xFT)  to  TP  =  RB  x  CP  in 
addition  to  the  value  of  F  must  also 
be  considered. 

By  examining  three  specific  cases 
of  bipolar  design,  this  paper  will 
show  the  relationship  of  the  time 
constant  quotient  to  the  optimized 
performance  in  these  design  areas. 

2.  TECHNOLOGY  TIME  CONSTANTS 

The  two  basic  parameters, TB  and  TP, 
can  be  calculated  for  a  bipolar  tech¬ 
nology  with  fixed  design  rules.  The 
first  parameter,  tB,  is  dependent 
upon  the  charge  needed  in  the  base 
region  to  switch  on  or  off  the  bipolar 
transistor.  The  time  constant  tB  is 
is  more  dependent  on  the  vertical 


doping  profile  than  on  the  lateral 
dimensions  of  the  transistor.  The 
second  time  constant,  TP,  mainly  con¬ 
sists  of  parasitic  capacitances  which 
are  charged  by  parasitic  resistors 
formed  by  the  base  resistor  in  the 
bipolar  transistor.  These  parameters 
are  proportional  to  the  lateral 
dimensions  of  the  transistor.  As  the 
transistor  is  reduced  in  size,  the 
time  constant  is  also  reduced  due  to 
the  smaller  area.  However,  for  fixed 
design  rules,  the  time  constant  TP  is 
almost  independent  of  the  emitter 
length:  As  the  capacitance  increases 
with  emitter  length,  the  base  resistance 
also  decreases.  Fig.  1  shows  the  time 
constant  for  collector-base,  base- 
emitter  and  the  collector-substrate 
as  a  function  emitter  length. 

Normalized  to  the  collector- 
base  time  factor  one  gets  roughly: 
tC  -  tP 
te  *  2  x  tp 
TS  *  5  X  TP 

Former  and  older  technologies 
show  similar  or  nearly  equal  relation¬ 
ships  but  tend  to  use  a  factor  of 
3  or  4  for  the  substrate  value. 
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FIGURE  1 

Parasitic  time  constant  versus 
emitter  length 

xS  =  RB  x  CJS 

tE  »  RB  x  CJC 

tC  =  RR  x  CJC 

3.  CIRCUIT  DESIGNS 

Three  typical  circuits  are  analyzed 
on  terms  of  parasitic  and  transit  time 
limits. 

3.1.  Bipolar  optical  receiver 
The  first  one  is  a  typical  analog 
example:  A  high  speed  trans impedance 
amplifier.  The  figure  which  in  this 
case  has  to  be  optimized  is  the 
equivalent  input  noise  current.  This 
parameter  limits  the  sensitivity 
of  the  fiber  optic  receiver.  The  noise 
is  mainly  generated  by  the  input 
transistor  of  the  receiver.  Noise 
sources  at  high  frequencies  are 
generated  by  the  base-resistor  and 
the  shot  noise  of  the  collector.  The 
equivalent  input  noise  can  be  minimized 
by  optimizing  the  operating  current 
and  the  transistor  size.  12] 

At  low  supply  current  the  shot 
noise  dominates  because  of  small  Trans¬ 
conductance.  At  high  currents  the 
increasing  diffusion  capacitance 


induces  higher  equivalent  input  noise. 
Similar  effects  are  observed  by  varying 
the  size  of  the  transistor.  Smaller 
transistors  generate  higher  thermal 
base  resistor  noise,  but  in  very  large 
transistors  the  parasitic  capacitance 
dominates  and  the  shot  and  base  noise 
translated  to  the  input  is  increased. 

At  the  optimum  operating  current 
and  transistor  size,  we  have  an 
expression  which  contains  only  the 
two  parameters  xB  and  xP. 

TrJ  =  20  KT  FBJ.CD/[(xP.xB)  1/2.F1  ] 

where  FB  =  Bit  frequency 

CD  =  Capacitance  of  the  optical 
device 

K  =  Balzmann  constant 
T  =  absolute  temperature 
F?  =  R+1/R  +  ( 3/R  +  R* ) 1/2 
where  R  =  ( xp/xB) 1/2 

The  function  FI  plotted  in  Fig.  2 
shows  a  relatively  small  mimum  at 
;P/TB  =0.7. 
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FIGURE  2 

Performance  factors  for  3  different 
circuit  designs 
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3.2.  CML  Gates 

For  the  second  example,  a  CML  logic 
design  is  chosen.  This  design  is  used 
for  LSI  or  VLSI  circuits.  The  figure  of 
merit  is  the  highest  available  speed. 

The  optimum  will  be  found  at  a  supply 
current  which  is  able  to  handle 
parasitics  but  is  small  enough  not 
paying  penalty  by  high  injection 
effects  and  base  resistance  limitations. 
At  this  minimum  the  propagation  delay 
(fan  in  =  fan  out  =  2)depends  on  the 
two  time  constants  only. 

TPD  =  (tPxtB)1/2x  F2  (tP/tB) 

F2  is  plotted  in  Fig.  2. 

It  shows  a  relatively  flat  minimum 
at  tP/tB  =  1.  However,  at  smaller 
tP/tB  the  power  consumption  gets  smaller. 
Therefore  the  optimal  value  should  be 
in  the  range  of  . 2  to  .5  rather  than  1 . 

3.3.  Telecom  circuits  for  high  data 

rates 

The  third  example  is  a  digital 
circuit  for  serial  data  processing 
which  enables  processing  of  highest 
data  rates.  Not  the  delay  time  but  the 
rise  and  fall  time  of  the  serial  signal 
has  to  be  optimized.  Differential  logic 
is  used  in  this  case  with  emitter 
follower  driver.  Due  to  the  differential 
nature  of  the  signal  the  logic  swing 
is  small  and  ranges  between  .2  and 
.3V.  The  optimum  load  resistance  is 
smaller  than  in  the  previous  cases. 

The  resulting  data  rate  (DR)  in  terms 
of  B  and  P  looks  like: 

DR  =  1/( (TPXTB) ] 1/2F2  (TP/TB) 

The  function  F2  is  plotted  in  Fig.  2. 
The  minimum  tends  to  be  more  at  the  low 
TP  side  of  the  plot. 

4.  CONCLUSION 

In  this  paper  an  attempt  is  made  to 
relate  the  inherent  time  constant  on  the 


dynamic  parameters  to  each  circuit 
design.  Due  to  the  progress  of  the  MOS 
technology,  which  is  able  to  produce 
channel  length  of  1  pm  and  even  below 
this  value,  the  tendency  is  obvious  to 
reduce  parasitics  by  scaled  down 
transistors,  by  self  aligning  techniques 
and  improved  isolation  techniques 
like  trench  isolation.  However,  no  or 
little  effort  is  made  to  increase 
simultaneously  the  cut  off  frequency  of 
the  transistor  to  get  an  optimum 
relationship  between  both  time  constants. 
In  modern  technologies  this  ratio 
ranges  between  0.05  to  0.02  which  is 
far  away  from  optimum  for  most  circuit 
designs.  There  may  be  other  than  per¬ 
formance  considerations  which  result 
to  such  adequate  ratios.  These  could 
be  for  instance  yield  or  available 
fabrication  equipment  or  other 
limitations. 
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1.  Introduction 

This  paper  deals  with  recent  developments  in  physi¬ 
cal  models  that  are  of  special  importance  for  the  ultra¬ 
fast,  very  high  frequency  behaviour  of  vertical  bipolar 
npn  transistors:  minority  carrier  mobility,  bandgap 
narrowing,  hot  carrier  transport  in  collector  epilayers 
and  junction  sidewall  effects. 

Transistors  with  a  high  cut-off  frequency  fx  (10-20 
GHz)  and  a  low  ^0*  product  (=S4  ps)  are  discussed, 

1. e.  devices  with  short  transit  times  (~10  ps),  low  base 
and  emitter  resistances  and  low  capacitances.  That  in 
turn  requires  shallow  junctions  (x,  =  0.10  -  0.15  pm) 
and  reduced  lateral  dimensions,  making  sidewall  ef¬ 
fects  increasingly  important. 

2.  Transit  times 

The  maximum  value  of  fT  is  determined  by  the  total 
transit  time  of  the  emitter,  base  and  collector  regions: 
1/2  n  fT  =  xc  +  xh  +  tc.  Simple  approximations  can  be 
deduced  for  each  contribution  [1]: 


contact  and  dN/dx  the  steepness  of  the  profile  at  the 
junction,  vs  is  the  saturated  drift  velocity  and  tj  is  the 
built-in  field  factor  (q  =  5-8  for  these  transistors).  The 
other  symbols  have  their  usual  meaning. 

Typical  values  are  D„  ~  10  cm2/s,  Dp  =  2  cm2/s  and  v5 
=  107  cm/s.  With  Wb  ~  0.10-0.15  pm,  xb  becomes 
about  3  ps;  if  we  take  Wcpi  =  0.4  pm,  then  tc  =  2.5  ps, 
but  this  may  be  doubled  when  the  collector  charging 
time  repj  Ccb  increases  due  to  hot  carrier  flow  in  the 
epilayer.  For  an  emitter  with  a  polysilicon  contact  we 
have  e.g.  hFE  =  100,  s  =  (0. 5-1.0)  »  105  cm/s  and  No/ 
(dN/dx)  =  10-5  cm,  so  xc  «  2  to  3  ps.  An  aluminium 
contact  has  s  =  3  *  105  cm/s,  but  it  lowers  hre  and 
usually  dN/dx  is  also  decreased,  so  tc  may  grow  to  10 
ps. 

The  examples  given  show  that: 

•  all  regions  contribute  significantly  to  the  total  transit 
time; 

•  the  value  of  the  current  gain  (hFE)  must  remain  rela¬ 
tively  high  (>50); 

•  the  doping  profiles  near  the  e-b  (dN/dx)  and  the  c-b 
junctions  (repiCcb)  are  crucial. 


T,.  ; 


_L  w  i  p-  i 

hFE  Dp  \2  '  s  dN/dx/’ 


3.  Bandgap  narrowing,  mobility  and  recombination 


tlDn  v„ 


and 


w 

Tc  ®  2  ;  +  rcpiceb' 


The  hFE  depends  on  the  bandgap  narrowing  and  mi¬ 
nority  carrier  mobilities  in  the  emitter  and  base  and  on 
the  minority  carrier  lifetime  (tp)  and  the  contact  re¬ 
combination  velocity(s)  in  the  emitter. 

The  minority  carrier  mobility  as  a  function  of  the 
dope  concentration  (N)  is  written  as 


l*mu»  l*min 

1  +  (N/N ref)“  ’ 


where  We  and  Wb  are  the  thicknesses  of  the  neutral 
emitter  and  base  regions,  s  is  the  recombination  velo¬ 
city  at  the  contact,  N„  the  dope  concentration  at  the 
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It  Pmin  "t" 


(4) 


The  mobility  parameters  in  eq.  (4)  are  given  in  Table 
1. 

For  bandgap  narrowing  we  can  mention  the  follo¬ 
wing  models: 

•  Slotboom  and  de  Graaff  (SdG)  [2]  give  the  bandgap 
narrowing  as  AVW  =  9  •  10~3  (F  +  JF2  +  0.5)  volts, 
with  F  =  In  (N/l  *  1017)  for  p-type  as  well  as  n-type 
material. 

•  del  Alamo,  Swirhun  and  Swanson  (dASS)  {3]  found 
in  n-type  material  AVgap  =  18.7  *  10-3  In  (N/7  *  1017) 
volts. 

•  In  p-type  material  Swirhun,  Kwark  and  Swanson 
(SKS)  [4]  found  the  same  AVgap  as  in  the  SdG-model. 

•  Bennett  (B)  [5]  took  for  the  minority  carrier  mobili¬ 
ties  at  high  doping  levels  (N  —  1020  cm-3)  Up  =  3.3  » 
Up  and  m,  *  1.4  *  p„  mi.  At  these  doping  levels  the 
AVgap  is  given  by 


Nd  -  2.4  *  lO20)3] 

i.68 « lb2*  /  r 


Table  1 


^max 

(cm2/Vs) 

Mrnin 

(cirr/Vs) 

Nre( 

(cm-3) 

a 

remark 

SdG 

468 

49,7 

1.6  *  10‘7 

0.7 

n-type 

1360 

92 

1.3  *  1018 

0.91 

p-type 

dASS 

500 

130 

00 

• 

© 

1.25 

n-type 

SKS 

1412 

232 

<© 

© 

• 

00 

0.9 

p-type 

The  base  Gummel  number  (Gb)  determines  the  col¬ 
lector  saturation  current  density  and  is  defined  as 


NaW 

D„(x) 


exp(  -  q  A  Vp,p(x)/kT)  dx 


(^expfaAV^T))-^  (5) 


Qbo  is  determined  from  measurements  of  the  Early 
effect,  Gb  follows  from  measured  collector  saturation 
currents.  By  taking  different  geometries  we  have  sepa¬ 
rated  bulk  and  sidewall  components.  Fig.  1  shows  the 
results  for  four  different  processes,  compared  with  the 
SdG  and  SKS  models  and  the  case  AV^p  *  0.  The 
conclusion  is  that  the  existing  bandgap  models  for  the 
base  region  overestimate  the  collector  current  by  some 
30  to  SO  percent.  In  most  cases  the  product  of  mobility 
and  bandgap  narrowing  in  the  base  can  be  approxi¬ 
mated  by  a  constant  (=  800  +  100  cm2/vs). 

For  the  emitter  Gummel  number  (Ge)  not  only 
AVgap  and  Dp,  but  also  the  lifetime  (tp)  and  the  recom¬ 
bination  velocity  (s)  are  important  [6]: 


Ge  =  (o.85  Wc  +  exp( — q A Vgap/kT)  J 

(6a) 


g(0)  = 


_  JP(Q) 


tp(xj 


JP(WC)  r  (xm)  +  VJJ4  Dp(0)  +  tWj/s 


(6b) 


Fig.  1.  Product  of  mobility  and  bandgap  narrowing  versus  max. 
dope  concentration  for  p-type  base  regions.  Fully  drawn  lines  are 
model  predictions,  the  lower  ones  for  the  case  AVgap  =  0  and 
different  mobilities. 


w 

With  /  NAdx  =  On,  we  get 


rp(xm)  is  the  minority  carrier  lifetime  at  the  spot  of 
maximum  recombination;  the  contact  is  at  x  =  0. 
From  measured  values  of  Gc  we  have  calculated  t>(xm) 
via  g(0),  using  the  SdG,  dAS  and  B  models  for  minor- 
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ity  carrier  mobility  and  bandgap  narrowing.  The  three 
resulting  sets  of  xp  values  are  compared  with  experi¬ 
mental  values  from  the  literature  in  fig.  2.  The  dASS 
model  gives  the  best  results,  the  B  model  leads  to  tp 
values  that  are  one  order  of  magnitude  too  low. 


Fig.  2.  Minority  carrier  lifetimes  in  n*  emitters,  from  literature 
and  from  measurements  using  three  different  models. 


4.  Hot  carriers  in  collector  epilayers 

For  homogeneous  samples  in  the  static  situation  we 

— p  — » 

have  J  =  qpn  F  and  F  •  J  = - where  W  is 

xw 

the  carrier  energy  density  and  xw  the  energy  relaxation 
time.  Introducing  an  (effective)  carrier  temperature 
(Tc)  by  means  of  W  =  3/2k  nTc  results  in 


energy-dependent  xw. 

•  Hansch  et  al.  [9]  take  again  x„  as  constant  and  put 


Fig.  3.  Carrier  temperature  (Tc)  versus  electric  field  (F):  experi¬ 
mental  and  theoretical.  Cook  uses  tw  =  0.4  ps,  for  the  Hansch 
model  rw  =  0.1  ps  is  taken. 


These  three  models  for  Tc  (F)  are  compared  in  fig.  3 
with  experimental  values  obtained  from  D(F)  and  p(F) 

qD(F) 

measurements  [10, 11] :  Tc  =  ^  ,  or  from  a  spec¬ 

tral  analysis  of  luminescence  effects  in  MOS-transis- 
tors  [12]. 

In  the  collector  epilayer  field  strengths  around  10s 
V/cm  may  occur,  but  neither  theory  nor  experiments 
can  yet  tell  us  what  carrier  temperatures  we  can  ex¬ 
pect.  Velocity  overshoot  will  probably  occur,  but  only 
over  short  distances  of  less  than  0.1  pm  [8].  In  our 
opinion  hot  carrier  flow  in  collector  epilayers  is  still 
adequately  described  by  the  critical  current  density 
=  q  Ncp,  vs;  it  gives  an  extra  voltage  drop  in  the  collec¬ 
tor  epilayer  and  increases  the  collector  charging  time 

fepi  ^-cb* 


T«  -  T0  =  \  J  x.|iF2 


(7) 


Cook  [7]  assumes  that  xw  =  constant  =  0.4  ps  and 
p  =  p„  (1  +  PoF/vJ-1.  Substitution  in  eq.  (7)  gives 
Tt(F)  as  shown  in  fig.  3. 

Baccarani  et  al.  [8]  start  with  a  constant  diffusivity 


and  put  T/Tu 


,  resulting  in  an 


5.  Emitter  sidewall  effects 

Fig.  4  shows  the  results  of  2-D  simulations  of  the 
base  and  collector  current  densities  crossing  the  e-b 
junction  [13].  From  such  simulations  we  learn  that  the 
base  sidewall  current  strongly  depends  on  the  ratio  of 
the  distance  between  contact  and  junction  edge  and 
the  minority  carrier  diffusion  length  (A/Lp),  and  on 
the  recombination  velocity  (s)  at  the  contact. 
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•  ■too  A  or 


0.18  i 


Fig.  4.  Calculated  base  and  collector  current  densities  crossing 
the  e-b  junction.  The  highest  Jt  belongs  to  A  =  500  A. 


Fig.  6-  Calculated  depletion  capacitance  density  along  the  e-b 
junction  at  \V  =  0  volt.  xK  =  0.18  pm. 


For  A/Lp  1  and  low  s-values  (use  of  spacers  and 
polysilicon  contacts)  we  even  get  that  hpc  increases  for 
smaller  emitters  (see  fig.  5),  at  the  expense,  of  course, 
of  larger  series  resistances. 

Fig.  6  shows  the  sidewall  and  bulk  contributions  of 
the  e-b  depletion  capacitance. 

The  sidewall  effects  are  clearly  perceptible  over  dis¬ 
tances  of  about  0.2  pm  for  both  currents  and  the  capa¬ 
citance.  So  a  separation  between  bulk  and  sidewall 
components  only  make  sense  for  emitters  wider  than 
0.4  pm. 


Fig.  5.  Current  gain  (hFE)  versus  emitter  width.  xF  =  0. 18  pm, 
Xp  =  0.40  pm.  Al  contact  with  A  =  0.2  pm  spacer  width. 


6.  Conclusions 

The  existing  models  of  bandgap  narrowing,  mobility 
and  lifetime,  when  confronted  with  measurements, 
need  some  modifications.  The  hot  carrier  situation  is 


rather  confused,  but  for  bipolar  transistors  the  concept 
of  saturated  drift  velocity  is  still  useful.  Sidewall  effects 
become  increasingly  important  with  submicron  emit¬ 
ters. 
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1.  INTRODUCTION 

Super  computers  and  coronuni cation  systems 
require  very  high  speed  circuits  with  a  large 
degree  of  complexity  such  as  signal  processors, 
gate  arrays,  RAM’S,  PROM'S  etc...  Bipolar  tech¬ 
nology,  always  two  to  four  times  faster  than  MOS 
technology  is  on  the  move  again,  now  that  it  has 
overcome  the  scaling  problems  encountered  with 
the  MOS  structures.  As  far  as  physical  mecanisms 
are  concerned  no  real  limitations  are  foreseen 
at  present.  To  achieve  the  upmost  performances 
with  bipolar  technologies  in  the  micron  and 
submicron  ranges  one  has  to  deal  primarily  with 
parasitic  components.  The  only  active  part  of 
the  transistor  is  the  one  underneath  the  emit¬ 
ter.  All  the  other  regions  are  parasitic  and 
decrease  the  performances.  Their  impact  has  to 
be  reduced.  To  go  in  this  way  the  dielectric 
filled  trench  isolation  combined  with  self-ali¬ 
gned  emitter  base  structure  is  the  most  promi¬ 
sing  solution  for  the  next  five  years  Lll  L^. 

Today  a  rather  limited  number  of  real  appli¬ 
cations  come  into  sight.  The  reasons  are  first 
of  all  the  difficulties  to  fill  perfectly  the 
trenches  without  holes  or  crevices  and  secondly 
the  defects  generation  at  the  corners  of  the 
trenches.  This  aspect  is  particularly  important 
in  the  case  of  walled  emitter  and  is  one  of  the 
key  issue  of  this  paper.  Concerning  the  self- 
aligned  structure  several  schemes  have  been  pro¬ 
posed  up  to  now.  Undoubtely  the  best  solution 
consists  of  two  levels  of  polysilicon  closely 
separated  by  an  oxide  spacer,  one  level  acting 
as  the  base  electrode  and  the  other  level  as 


the  emitter  electrode  C3~l .  As  this  approach  in¬ 
volves  several  RIE  steps  it  does  not  guarantee 
against  the  damages  induced  during  base  polysi¬ 
licon  etching.  In  order  to  separate  the  varia¬ 
bles  for  a  clear  understanding  of  the  trench 
isolation  problems  we  report  the  results  concer¬ 
ning  one  polysilicon  level. 

2.  DEVICE  STRUCTURE  AND  FABRICATION  STEPS 

In  the  first  phase  the  process  has  been  set 
up  using  one  micron  design  rules.  The  photoli¬ 
thography  steps  were  realized  with  the  CENSOR 
SRA  9535.  We  found  that  alignment  and  focus  ba¬ 
sed  on  the  procedure  using  phase  contrast  in 
bright  field  were  very  sensitive  to  the  thick¬ 
nesses  of  the  different  layers.  To  overcome 
these  difficulties  we  developed  special  scatte¬ 
ring  alignment  marks  and  new  coating  resist  pro¬ 
cess  with  very  low  pile  up.  For  submicron  lines 
a  reversal  resist  process  using  the  AZ5214E  pro¬ 
duct  was  studied. 

The  concepts  of  the  process  sequence  are  ex¬ 
plained  in  Figure  1  (A)-(D)  which  illustrates 
cross-sectional  views  of  the  NPN  transistor. 

The  process  starts  with  a  tri-step  (high 
temperature-low  temperature- high  temperature) 
intrinsic  gettering  procedure  performed  on  p 
type  CZ  pulled  <1 00>  orientated  silicon.  A  full 
sheet  arsenic  burried  layer  is  implanted  and 
annealed  followed  by  the  0.9pm  thick  epitaxy 
deposition.  Special  requirements  for  deep  trench 
isolation  have  been  described  MOO. 
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a)  ACTIVI  ARIA  DfFINITION 


bj  POiVCIOC  FORMATION 


(jj  THIRD  MIT  At  INTI  RCQNNCCT 


.  FIGURE  1  -  Fabrication  steps  for  NPN  transistor 

A  conventional  process  was  developed  that 
combines  : 

-  reactive  Ion  etching  employing  CCI4  gas, 
where  stacked  layers  of  thermal  silicon  dioxide, 
LPCVD  nitride  and  PECVO  oxide  are  used  as  the 
etching  mask 

-  oxidation  of  the  trench  sidewall  to  provide 
dielectric  isolation 

-  boron  ions  implantation  in  the  bottom  of 
the  trench  for  channel  stopper  creation 


-  conformal  undoped  polysilicon  deposition 
to  refill  the  grooves 

-  planarisation  of  this  polysilicon  layer 

*  oxidation  for  both  field  oxide  and  polysi¬ 
licon  capping  formation. 

Two  specific  points  have  been  studied  : 

-  low  defect  generation 

.  chemical  sidewalls  cleaning  prevents 
contaminated  and/or  damaged  silicon  layer  du¬ 
ring  the  RIE  to  interface 

.rounding  the  trench  bottom  by  controlling 
the  redeposition  rate  of  oxide  during  RIE  and 
adjusting  the  sidewall  oxide  thickness  prevents 
stress  from  the  bottom  corners  to  appear 

.  increasing  the  temperature  of  field  and 
capping  oxidation  prevents  screw  dislocation 
from  the  top  corners  to  occur. 

-  polysilicon  planararisation. 

Done  with  a  sacrificial  resist  layer,  the 
etch  back  is  stopped  just  before  reaching  the 
nitride,  not  to  damage  it.  Then,  an  appropriate 
oxidation  of  the  remaining  polysilicon  is  per¬ 
formed.  A  wet  etch  clears  the  so-formed  oxide 
and  a  flat  surface  is  reached.  One  can  notice 
that  the  expansion  of  polysilicon  in  the  trench 
during  that  last  oxidation  can  be  used  to  fill 
the  possible  voids  in  between  the  two  polysili¬ 
con  strips. 

A  conventional  locos  technique  is  employed  to 
cap  the  polysilicon  in  the  trenches  and  to  rea¬ 
lize  the  field  oxide.  After  the  Si3N4  stripping, 
the  deep  N+  region  is  phosphorus  implanted  and 
driven.  Next,  extrinsic  base  is  BF2  implanted. 
Subsequently  a  plasma  deposited  Si Og  reinforces 
the  base  oxide,  then  emitter  and  contacts  are 
opened.  A  200nm  thick  amorphous  silicon  layer  is 
deposited  at  560°C  under  low  pressure  with  a 
cleaning  procedure  which  leads  to  an  interfacial 
oxide  having  a  minimum  thickness.  Then  the  in¬ 
trinsic  base  and  the  emitter  are  implanted  (bo¬ 
ron  and  arsenic  respectively).  After  silicon 
etch,  a  lOmn  960°C  thermal  treatment  gives  a 
70nm  deep  emitter  in  the  monosilicon,  with  a 
lOOnm  wide  base. 

A  80nm  thick  PtSi  in  formed  in  the  monosili- 
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con  contacts  and  at  the  top  of  the  polysilicon 
In  order  to  realize  one  Interconnect  level  Insi¬ 
de  the  cells.  A  500m  thick  plasma  deposited 
layer  of  SIO2-P2O5  achieves  the  Isolation  bet¬ 
ween  the  PtSi  and  the  first  metal.  The  metallic 
Interconnect  system  is  realized  with  two  layers 
of  A1S1T1.  The  pitches  are  4pm  and  6pm  for  the 
first  and  the  second  metal  layer  respectively. 

A  combination  of  polylmide  and  SiN  with  tapered 
VIA  procedure  ensures  the  Isolation  between  me¬ 
tallic  layers. 

3.  EXPERIMENTAL  RESULTS 

A  SEM  cross-sectional  view  of  a  NPN  transis¬ 
tor  is  shown  in  figure  2.  The  transistor  area  is 
33pm2.  The  emitter  area  is  0.75  x  1.5pm2.  The 
defects  generation  at  the  corners  of  the  tren¬ 
ches  has  been  monitored  with  the  wright  etch 
delineation.  After  optimisation  of  the  filling 
conditions  and  the  subsequent  thermal  treatments 
no  longer  defects  have  been  detected  as  shown 
in  the  figure  3. 


FIGURE  2  -  SEM  cross-sectional  view  of  the  NPN 
transistor 

The  various  transistor  structures  designed 
allow  an  accurate  determination  of  the  most  im¬ 
portant  electrical  parameters. 

For  example  Table  1  summarizes  transistor 
characteristics  with  different  sizes. 

Figure  4  shows  forward  current  gain  of  T6 
transistor,  which  is  designed  with  0.7pm  rules. 


FIGURE  3  -  SEM  cross-sectional  view  of  the 
trenches  after  Wright  etch. 


1  TRANSISTOR 

T6 

TRT2 

TRT3 

Emitter 

Area 

(pm2) 

0.75x1.5 
*  1.125 

1x2. 5-2.5 

1x5. 5=5. 5 

Base  Area  (pnf) 

7x1.5-10.5 

11.75x2.5 
=  29.4 

13x5.5=71.5 

Collector 

Area 

(pm2) 

11x1.5 
-  16.5 

15.75x2.5 
=  39.5 

11.25x5.5 
=  61.9 

Ibf 

160 

80 

110 

IKF 

(mA) 

1.6 

3.8 

7.5 

RE 

(a) 

70 

40 

20 

Rbb' 

(a) 

1700 

250 

100 

CBE 

(fF) 

4.2 

16.2 

27.2 

cbc 

(fF) 

7.1 

19.5 

25.2 

CCS _ 

(fF? 

8 

18 

Cut-off 

Frequency  (GHz) 

18 

18 

BVEB0 

(V) 

6 

6.5 

6.5 

BVCB0 

(V) 

12 

13 

13 

BVCE0 

(V) 

10 

11 

11 

TABLE  1  -  Main  transistor  characteristics. 

One  notices  the  very  good  uniformity  of  hfe 
from  IpA  to  IQOpA. 

The  cut  off  frequency  Ft,  (measured  on  tran¬ 
sistor  TRT3  which  is  large  enough  to  eliminate 
parasitic  effects  CO  :  bonding  pads  capacitan¬ 
ces,  rbb'...),  is  18  GHz  at  VCE  =  5V  and  IC  = 
600pA  (Figure  5). 

The  comparison  between  measured  and  simula- 
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ted  delay  tines  of  ring  oscillators,  made  of 
differential  ECL  Inverters  (21  stages)  allows 
us  to  validate  the  above  parameters  (maximal  de' 
vlatlon  about  5X). 


Fig.  6  shows  the  propagation  delay/stage  and 
the  Internal  logic  swing,  versus  the  current/ 
stage  for  R0V3  (VEE  =  2V). 


BF 


FIGURE  4  -  Forward  current  gain  versus 
collector  current  at  VBC  =  0 
(NPN  T6  Em  =  0.75  x  1.5pm2) 


Ft(GHz) 


IC(mA) 


FIGURE  5  -  Ft  versus  IC  at  VCE  =  5V 

(NPN  TRT3  Em  «  1  x  5.5pm2) 


FIGURE  6  -  Tp/stage  and  logic  swing  AV  at 
VEE  =  2V 

(Ring  oscillator  R0V3). 

4.  CONCLUSION 

A  new  bipolar  process  devoted  to  applica 
tions  requiring  sub  lOOps  gate  delays  and  very 
high  packing  density  has  been  set  up.  The  iso¬ 
lation  is  achieved  with  dielectric  filled  deep 
trenches.  An  emphasis  has  been  put  on  the  reduc¬ 
tion  of  the  defects  associated  with  the  trench 
filling.  The  polysilicon  emitter  has  proved  to 
be  effective  to  achieve  high  performances  with 
good  yield.  A  18  GHz  cut  off  frequency  has  been 
measured.  The  minimum  propagation  delay  time 
evaluated  in  ECL  ring  oscillator  is  88  ps. 

This  work  is  supported  by  the  E.E.C  program 
ESPRIT  under  Contract  n°  243  :  "Submicron  Bipo¬ 
lar  Technology". 


Table  2  gives  the  results  of  ring  oscillators 
R0V2  and  R0V3  at  the  supply  voltage  VEE  =  2V. 


Ring 

Oscillator 

Transistor 

type 

Emitter 
Size  (me) 

Propagation 
Delay  time 
(PS)  . 

Current/ 
stage  (mA 

R0V2 

TRT2 

1  x  2.5 

115 

0.4 

R0V3 

TRT3 

1  x  S.S 

95 

1 

TABLE  2  -  ECL  ring  oscillators,  VEE  *  2V 
Internal  logic  swing  AV  *  350  mV 
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SOI  STRUCTURES  BY  ION  IMPLANTATION  AND  ANNEALING  IN  A  TEMPERATURE 
GRADIENT 

G.  K.  CELLER 

AT&T  Bell  Laboratories  Murray  Hill,  NJ  07974,  USA 


Si-on-insulator  (SOI)  technology  is  essential  for  space  and  military  applications  where  immunity  to 
ionizing  radiation  is  required.  It  will  also  lead  to  commercial,  high  speed  CMOS  circuits.  This  paper 
reviews  formation  of  SOI  structures  by  implantation  of  high  doses  of  oxygen,  followed  by  heat  treatments 
at  1405*C  in  a  lamp  furnace.  The  result  is  an  Si02  layer,  with  atomically  abrupt  interfaces,  buried  under 
a  film  of  a  device  quality  single  crystalline  Si.  Since  the  SOI  technology  and  the  3-D  integration  place 
new  requirements  on  control  of  dopants  in  the  wafers,  trapping  and  drift  of  arsenic  introduced  into  the 
Si02  is  also  discussed.  It  is  demonstrated  that  As  is  immobile  in  the  oxide  under  isothermal  conditions  up 
to  the  melting  temperature  of  silicon.  When  a  temperature  gradient  is  applied,  the  arsenic  is  swept  toward 
the  heat  source  until  it  reaches  the  Si02/Si  interface  and  is  released  into  Si.  The  difference  between 
dopant  transport  with  and  without  temperature  gradients  adds  flexibility  to  processing  of  multilayer 

structures. 


1.  INTRODUCTION 

Si-on-insulator  (SOI)  technology  provides  better 
immunity  to  ionizing  radiation,  simpler  design,  increased 
density  of  components,  higher  switching  speed,  and 
elimination  of  latchup  [1-3].  The  benefits  of  SOI  are  best 
realized  in  CMOS  technology.  This  is  illustrated  in  Fig.  1, 
where  a  conventional  bulk  CMOS  inverter  is  drawn  next  to 
one  formed  on  a  Si  island  that  is  dielectrically  isolated  from 
the  substrate.  The  layout  of  both  inverters  assumes  the 
same  minimum  feature  size.  The  SOI  structure  is  smaller 
because  the  deep  diffusion  tubs  are  eliminated.  The  number 
of  lithographic  masks  required  to  make  the  SOI  circuits  is 
also  reduced. 

l.l.  Scope  of  the  paper. 

In  this  paper,  formation  of  high  quality  Si-on-Si02  films 
by  oxygen  implantation  and  very  high  temperature 
annealing  is  discussed  (4,5].  The  direct  synthesis  of  a 
buried  oxide  has  emerged  in  the  last  few  years  as  the  SOI 
method  that  is  the  most  likely  to  be  implemented  in 
radiation-hard  MOS  electronics.  Commercial  VLSI 
applications  are  expected  to  follow  some  years  later. 

In  the  second  part  of  the  paper,  some  unique  properties 
of  arsenic  in  Si02  are  discussed  [6].  Since  As  is  an 
important  n-type  dopant  of  Si,  the  flexibility  of  trapping 
and  controllably  releasing  the  As  from  the  oxide  into  Si  is 
important  for  the  SOI  technology  [7]. 


The  best  SOI  structures  by  oxygen  implantation  require 
heat  treatments  at  the  highest  possible  temperatures. 
Transport  of  As  in  the  buried  oxide  requires  a  high 
temperature  and  a  temperature  gradient.  Both  requirements 
are  satisfied  in  a  special  experimental  configuration 
described  below. 


V.H 


61,0 <*°<D|  fjjp  |c£u 

VouT  SOURCE/  V°UT 

DRAIN  LEADS  GATE  SiOj 


BULK  Si 


FIG.  1.  A  comparison  of  CMOS  inverters  in  bulk  Si  and  in 
Si-on-Si02. 


2.  HEATING  AT  HIGH  TEMPERATURE  AND  IN  A 
TEMPERATURE  GRADIENT 

Annealing  at  1405*C  was  performed  in  a  lamp  furnace, 
with  the  samples  suspended  between  a  bank  of  high 
intensity  lamps  and  a  water  cooled  base  [8].  The  back  side 
of  each  sample  wu  held  exactly  at  the  melt  temperature  of 
silicon,  Tm—1412'C,  as  indicated  schematically  in  Fig.  2, 
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FIG.  2.  The  heating  arrangement  with  an  intrinsic 
temperature  stability,  (a)  A  cross  section  of  a  radiatively 
heated  sample,  with  one  surface  partially  molten  and  the 
implanted  surface  at  a  slightly  lower  temperature,  (b) 
Three  temperature  regions,  representing  conventional 
heating  below  TM,  constant  temperature  regime,  and  deep 
melting. 

and  the  implanted  side  was  7*C  cooler  because  of  the 
temperature  gradient  imposed  by  the  heating  configuration 
[9],  This  gradient  is  a  function  of  temperature  T, 
emissivity  t  of  the  surface  not  exposed  to  light,  and  thermal 
conductivity  *, 

T* 

VT  -  «  <r  — 

« 

where  a  is  the  Stefan-Boltzmann  constant.  At  1400’C  the 
thermal  conductivities  of  Si  and  Si02  are  —0.2  W/(cm  K) 
and  —0.02  W/(cm  K),  respectively,  resulting  in 
temperature  gradients  of  — 0.014*  C/nm  in  Si  and 
— 0.14'C/fun  in  Si02  when  t  »  0.6  is  assumed  for  the  Si 
surface.  The  temperature  stability  is  based  on  the  change 
in  optical  properties  of  silicon  upon  melting  and  ensures 
that  the  surface  exposed  to  the  photon  flux  will  remain  at 
Tm  without  any  risk  of  overmelting  [10]. 


3w  SOI  WAFERS  BY  OXYGEN  IMPLANTATION 

Formation  of  oxides  and  nitrides  by  ion  implantation  has 
been  investigated  since  the  late  1960s  [5].  The  first  major 
effort  to  prepare  SOI  wafers  by  oxygen  implantation  was 
initiated  at  NTT  by  Izumi,  who  coined  the  acronym 
SIMOX,  for  Separation  by  IMplanted  OXygen  [11].  A 
high  dose  of  oxygen  ions  is  implanted  deep  into  silicon  in 
such  a  way  as  to  leave  a  surface  film  of  single  crystalline  Si 
above  a  layer  that  eventually  becomes  Si02.  This  requires 
a  dose  of  above  1011  cm-2  oxygen  ions  at  an  energy  of  at 
least  100  keV,  but  preferably  1S0-200  keV,  to  form  silicon 
dioxide  films  buried  under  1000  to  3000  A  of  crystalline 
silicon  [12,13].  The  implantation  is  carried  out  at  an 
elevated  temperature,  in  4S0  to  600 ‘C  range,  to  preserve 
crystallinity  of  the  surface  layer  of  silicon. 

As  the  oxygen  dose  is  increased,  the  shape  of  oxygen 
distribution  changes  from  a  skewed  Gaussian  profile  typical 
for  conventional  ion  implantation  to  a  flat-topped  one. 
This  change  is  caused  by  oxygen  saturation  at  a 
stoichiometric  value  of  oxygen  in  Si02>  indicating  that  Si02 
is  formed  already  during  implantation.  Oxygen  exceeding 
the  stoichiometric  concentration  of  4.4  x  1022  cm-3  diffuses 
rapidly  toward  the  wings  of  the  distribution,  where  it 
oxidizes  more  Si.  The  critical  dose  for  forming  the  Si02 
during  200  keV  implantation  is  1.4  x  1018  cm-2. 


CHANNEL  NUMBER 


FIG.  3.  RBS  random  and  <I00>  aligned  channeling 
spectra  for  a  sample  implanted  with  molecular  oxygen  at 
400  keV  to  a  dose  of  1.8  x  1018  cm-2  and  annealed  for  30 
min  at  1405*C. 
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After  implantation,  an  additional  heat  treatment  is 
required  to  repair  damage  caused  in  the  silicon  overlayer 
and  to  diffuse  more  oxygen  toward  the  Si(>2  where  it  is 
incorporated  in  the  oxide  film.  The  final  SOI 
microstructure  is  strongly  coupled  with  the  annealing 
conditions  [9,14,151.  Annealing  above  1300‘C  is  needed  to 
obtain  sharp  Si/SiO^  interfaces.  The  heat  treatment  at 
1405 *C,  near  the  melting  point  of  Si,  is  particularly 
effective  in  chemical  segregation  of  implanted  oxygen  into 
the  buried  SiC>2  and  in  recovering  crystallinity  of  the  Si 
film  [4,91. 

The  results  shown  below  have  been  obtained  by 
implanting  Si  (100)  wafers  at  ~S50*C  with  Oj  at  400 
keV  to  a  dose  of  1.8  x  10u  cm-2,  using  the  Heavy  Ion 
Accelerator  at  the  University  of  Surrey,  or  by  implanting 
1.7  x  101*  of  0+  at  150  keV  using  the  Eaton  NV-200  high 
current  implanter.  After  implantation  the  wafers  were 


coated  with  an  oxide  film,  of  0.2-0. Sum  thickness,  to  protect 
Si  films  during  annealing  from  oxidation  or  pitting. 

Annealing  at  temperatures  up  to  1250"C  was  carried  out 
in  a  conventional,  resistively  heated  tube  furnace.  Heat 
treatments  at  1405*C  were  carried  out  in  the  lamp  furnace 
described  above. 

Rutherford  backscattering  (RBS)  and  channeling 
spectra  after  a  30  min  heat  treatment  at  1405*C,  shown  in 
Fig.  3,  indicate  that  the  entire  silicon  layer  is  a  high  quality 
single  crystal,  with  the  minimum  yield  Xmia  “  3.3%.  The 
random  spectrum  shows  that  the  oxygen  ha*  redistributed 
completely  to  form  a  SOI  structure  with  sharp  and  well 
defined  boundaries  between  silicon  and  oxide  [16]. 

RBS  and  channeling  are  not  sensitive  to  dislocations. 
Cross-sectional  and  plan-view  transmission  electron 
microscopy  (TEM)  are  necessary  to  examine  the  details  of 
the  microstructure.  In  Fig.  4,  a  series  of  sections  after  2h 


FIG.  4.  TEM  cross  sections  of  three  samples,  which  were  implanted  with  the  same  oxygen  dose  [17], 


FIG.  5.  TEM  cron  section  of  a  sample  implanted  at  a  lower  energy  of  150  keV. 
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at  1150,  2b  at  1250,  and  0.5b  at  1405*C  are  shown  [17]. 
After  annealing  at  1150'C  the  stoichiometric  oxide  layer  is 
—40%  thinner  than  would  be  expected  from  the  implanted 
dose.  Both  oxide  interfaces  are  very  irregular.  The 
SiO; /substrate  interface  consists  of  a  series  of  oxide 
platelets  separated  by  defective  silicon.  The  silicon  film 
above  the  oxide  has  two  regions,  the  top  700A  is  crystalline 
with  the  threading  dislocations  density  of  3  x  10*  cm-2,  and 
the  the  remaining  3000A  is  highly  defective  and  contains 
amorphous  oxide  polyhedra.  After  1250*C  the  density  of 
threading  dislocations  is  reduced  to  3  x  10*  cm-2,  but  large 
oxide  precipitates  remain  in  the  Si  film.  Smaller 
precipitates  have  been  dissolved,  contributing  to  the  growth 
of  a  few  large  precipitates  and  increasing  the  thickness  of 
the  planar  buried  oxide  layer.  Both  Si/Si02  interfaces  are 
smoother  than  at  the  lower  temperatures,  but  there  are  still 
considerable  undulations.  Platelets  near  the  lower  interface 
have  been  replaced  by  a  row  of  large  silicon  precipitates 
trapped  inside  the  Si02  and  aligned  in  a  row  about  300A 
away  from  the  interface. 

After  a  treatment  at  1405  "C  no  precipitates  can  be 
detected  in  silicon  on  either  side  of  the  oxide.  The 
thickness  of  Si  and  oxide  films  is  2800  and  3700A, 
respectively.  Both  oxide  interfaces  are  smooth,  but  some 
faceted  crystallites  of  Si  still  remain  embedded  in  the  oxide 
near  the  back  interface.  This  can  be  seen  more  clearly  in  a 
cross  sectional  view  of  another  sample,  shown  in  Fig.  5. 
This  sample  has  been  implanted  at  ISO  keV,  with  the 
temperature  held  near  580*C.  Because  of  the  lower 
implant  energy  and  the  750A  screen  oxide  used  during 
implantation,  the  Si  film  over  the  oxide  is  only  about  half 
the  thickness  of  that  in  the  previous  Figure.  Other  features 
are  very  similar;  sharp  interfaces,  the  absence  of  oxide 
precipitates  in  Si  and  the  row  of  Si  precipitates  near  the 
back  oxide  interface.  Threading  dislocations  are  the  main 
defects  left  in  the  Si  film. 

Many  groups  are  currently  building  and  characterizing 
device  structures  in  SIMOX  films,  from  individual 
transistors  and  ring  oscillators  to  64K  static  random  access 
memories  (3,18].  The  majority  of  these  devices  was  made 
in  films  without  abrupt  interfaces,  which  necessitated 
deposition  of  epitaxial  Si  to  increase  the  thickness  of  the 
single  crystalline  films.  Since  wafers  processed  above 
1300*C  have  a  thicker  layer  of  precipitate-free  silicon, 
epitaxial  deposition  may  no  longer  be  necessary.  CMOS 
transistors  in  such  wafers  have  excellent  electrical 


parameters  [19], 

Recently,  van  Ommen  et  al.  have  reduced  the  density  of 
dislocations  below  10s cm-2  by  modifying  implantation 
conditions  for  the  maximum  dose  uniformity  [20].  If  this 
result  can  be  extended  to  practical  ion  dose  rates,  the 
quality  of  SIMOX  films  will  be  further  improved. 

4.  PHASE  SEPARATION  AND  DRIFT  OF  As  IN  SK>2  IN 
A  TEMPERATURE  GRADIENT 

Diffusion  of  arsenic  in  the  Si02  is  a  complex 
phenomenon  [21-24].  It  is  shown  here  that  transport  of 
arsenic  in  the  oxide  can  be  controlled  by  parameters  other 
than  the  temperature  alone.  Arsenic  implanted  into  the 
Si02  can  remain  immobile  at  temperatures  exceeding 
1400*C,  or  can  be  swept  rapidly  in  one  direction,  depending 
on  the  heating  conditions.  The  new  degree  of  control  over 
diffusion  of  As  may  be  useful  in  building  SOI  structures. 

Kinsbron  et  al.  [25,26]  observed  that  during  a  complete 
oxidation  of  an  As-implanted  polysilicon  film  on  Si02,  small 
arsenic-rich  precipitates  had  formed  at  the  initial  location 
of  the  polysilicon/Si02  interface.  The  arsenic  was  pushed  to 
this  interface  by  the  advancing  oxidation  front. 

More  recently  we  have  observed  that  a  large  dose  of  As 
implanted  directly  into  Si02  precipitates  inside  the  oxide 
into  a  separate,  As-ricb  phase,  when  heated  in  an  oxygen- 
free  ambient  [6,27].  The  spherical  As-rich  droplets 
propagate  in  a  temperature  gradient  by  the  mechanism  of 
thermomigration.  By  controlling  not  only  the  temperature 
but  also  the  VT  we  can  move  the  entire  As-rich  zone 
toward  the  heat  source  or  hold  it  essentially  immobile. 

4.1.  Experimental  Conditions 

Arsenic  doses  of  3  x  1014  to  3  x  1016  cm-2  were 
implanted  at  100  keV  into  Si02  grown  in  steam  at  10S0*C 
on  (100)  Si  wafers.  For  some  experiments,  additional  Si02 
was  deposited  over  tbe  thermal  oxide  by  low  pressure  CVD 
to  bury  tbe  implanted  arsenic  deeper  inside  the  oxide.  A 
1.5pm  layer  of  polycrystalline  silicon  was  deposited  on  the 
oxide  at  620'C.  This  Si  film  is  necessary  to  increase 
surface  emissivity  over  that  of  the  oxide,  since  this  controls 
the  VT.  The  silicon  film  also  acts  as  a  diffusion  barrier  for 
any  oxygen  left  in  tbe  furnace  chamber  and  as  a  sink  for 
mobile  oxygen  present  in  the  Si02. 

Samples  were  heated  from  one  side  only  in  the  lamp 
furnace.  The  sample  temperature  was  above  1200*C,  and 
in  most  experiments  near  1405‘C,  with  the 
VT  *  0.14’C/pm  in  tbe  Si02. 
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After  100  min  the  entire  peak  reaches  the  interface  and 
outdiffuses  into  silicon. 

Cross-sectional  TEM  micrographs  from  the  same  series 
of  samples  show  that  As  has  segregated  into  spherical 
inclusions  of  10  to  30  nm  diameter  and  that  these  inclusions 
move  in  the  Si02  towards  the  heat  source,  as  shown  in  Fig. 
7.  The  As-rich  spheres  and  the  Si02  are  amorphous;  there 
is  no  indication  of  impurity  induced  crystallization.  - 

The  drift  velocity  is  approximately  the  same  for  all 
implanted  doses  of  arsenic  above  3  x  1015  cm-2.  For  lower 
As  doses,  there  is  no  segregation  or  drift,  and  RBS  spectra 
indicate  conventional  diffusion. 

Results  for  samples  with  thicker  oxide,  and  in  particular 
for  samples  where  the  As  was  buried  deep  inside  the  Si02 
are  somewhat  different.  In  these  samples  there  is  either 
little  or  no  drift  during  an  incubation  period,  from  30  to 
120  min  depending  on  the  placement  of  arsenic.  After  the 
incubation  period,  the  drift  is  at  a  constant  rate  which  is 
about  the  same  as  that  in  the  thin  oxide  samples  from 
Figures  6  and  7.  TEM  micrographs  show  that  in  these 
samples  the  spherical  As-rich  inclusions  form  slowly,  and 
only  after  they  reach  a  critical  radius  of  about  50A,  the 
drift  begins. 

4.3  Discussion  of  As  Transport  Phenomena 
In  the  absence  of  free  oxygen,  arsenic  in  Si02 
segregates  into  spherical  inclusions,  provided  that  the  initial 
As  concentration  is  sufficient  (above  1  at.  %).  The  distance 
between  the  arsenic-rich  band  and  the  Si/Si02  interfaces 
determines  the  incubation  time  for  the  growth  of  these 


FIG.  7.  TEM  micrographs  of  As  in  the  Si02.  (a)  Before  high  temperature  treatment;  (b)  after  20  min, 
and  (c)  after  40  min  at  140S‘C  The  temperature  gradient  is  0.14‘C/pm  with  the  heat  supplied  from  the 
bottom  in  this  figure.  Distortion  of  the  upper  Si/Si02  interface  is  caused  by  grain  growth  in 
polycrystalline  silicon. 


FIG.  6.  Distribution  of  arsenic  in  the  Si02  after  different 
heating  periods  in  the  temperature  gradient.  The  origin  of 
the  distance  scale  is  at  the  oxide  surface  after  removal  of 
the  polycrystalline  Si  coating. 

4.2.  Arsenic  Drift  Data 

RBS  results  for  a  series  of  heat  treatments  at  140S’C  of 
a  sample  with  1016  As  implanted  into  0.4pm  of  Si02  and 
coated  with  1.5pm  of  polycrystalline  Si  are  shown  in  Fig.  6. 
The  peaks  represent  arsenic  before  the  first  heat  treatment 
and  afte^  series  of  20  min  heating  cycles  at  1405’C.  The 
center  of  the  As  distribution  moves  at  a  linear  rate  of 
2300 A7 hour,  with  little  loss  of  mass,  and  with  broadening 
that  is  small  compared  to  the  peak  shift.  By  measuring  the 
area  under  the  peaks  we  have  determined  that  only  *,%  of 
As  is  lost  from  the  drifting  zone  during  the  first  60  minutes. 
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inclusions  to  the  critical  size  needed  for  drifting  in  the 
temperature  gradient.  We  interpret  this  last  dependence  as 
related  to  the  rate  of  removal  of  oxygen  (possibly  present  in 
the  form  of  OH  or  ^O)  from  the  vicinity  of  As  atoms.  At 
high  temperatures,  this  oxygen  diffuses  through  the  SiOj 
until  it  reacts  with  Si  at  one  of  the  two  Si/Si02  interfaces. 
The  resulting  oxygen  concentration  gradients  cause  the 
most  rapid  depletion  of  oxygen  near  the  interfaces  and  the 
slowest  drop  in  concentration  at  the  center  of  the  Si02. 

If  a  temperature  gradient  is  present  in  addition  to  the 
elevated  temperature,  the  droplets  drift  with  a  constant 
velocity  toward  the  heat  source,  until  they  reach  the 
Si/Si02  interface  and  conventional  diffusion  of  As  in  Si 
takes  over. 

The  drift  is  caused  by  thermomigration,  a  process  which 
typically  involves  liquid  droplets  moving  through  the  solid 
by  dissolution  of  the  solid  at  the  hotter  side  of  the  droplet, 
diffusion  of  the  matrix  atoms  through  the  liquid,  and  their 
redeposition  on  the  cooler  side  (281.  The  rate  of  droplet 
migration  is  limited  either  by  diffusion  in  the  liquid  or  by 
kinetics  of  dissolution  and  redeposition.  The  constant 
velocity  of  the  As-rich  droplets,  independent  of  the  droplet 
radius  above  a  50A  threshold,  is  consistent  with  the  drift 
governed  by  volume  diffusion  in  the  liquid  (6l. 


4.4.  Applications  of  As  drift 

Drift  of  arsenic  in  the  Si02  can  be  utilized  to  form 
buried  conducting  layers  near  the  isolation  oxide.  In  the 
example  discussed  here,  SOfun  thick  Si  films  were 
recrystaliized  from  the  melt  over  4pm  thick  oxide  [29], 
The  high  voltage  device  structure  required  that  n+  region 
be  formed  in  the  recrystallized  layer,  adjacent  to  the  buried 
oxide.  Since  the  Si  film  has  to  be  melted,  it  can  only  be 
doped  after  resolidification,  but  the  film  thickness  precludes 
ion  implantation  into  the  recrystaliized  layer.  The  solution 
is  to  implant  the  arsenic  into  the  Si02  before  deposition  of 
the  polycrystalline  Si  overlayer  (7).  It  remains  immobile 
inside  the  oxide  through  the  entire  high  temperature 
processing  sequence.  After  recrystallization,  a  heat 
treatment  in  a  temperature  gradient  sweeps  the  As 
distribution  out  of  the  Si02  and  into  silicon.  Concentration 
of  As  in  Si,  for  two  directions  of  the  VT  is  shown  in  Fig.  8. 
A  similar  approach,  but  with  shorter  heat  treatments  in  a 
VT,  could  be  used  in  thin  film  SOI  structures.  In  the  case 
of  multiple  active  layers  of  Si  on  Si02,  the  n+  dopant  held 
inside  the  oxide  films  would  be  released  near  the  end  of  the 
processing  sequence.  Directed  energy  ,  heating  could  also  be 
employed  for  a  spatially  localized  arsenic  transport  in  a 
large  VT. 


FIG.  8.  Formation  of  a  buried  n+  region  in  Si  adjacent  to  the  isolation  oxide.  The  amount  of  As  that 
outd  iff  uses  from  the  Si02  depends  strongly  on  the  direction  of  the  temperature  gradient. 
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5.  SUMMARY 

High  temperature  annealing  has  a  profound  effect  on  the 
microstructure  of  SOI  films  formed  by  high  dose  oxygen 
implantation.  Oxygen  precipitates  dissolve  rapidly  near 
1400*C  and  oxygen  outdiffuses  from  the  Si  film  to  the 
interface  with  the  buried  oxide,  where  it  forms  more  SiOj. 
This  eliminates  the  broad  band  of  oxygen-rich  defective  Si, 
typical  of  lower  temperature  anneals.  Because  of  better 
quality  and  homogeneity  of  the  Si  film,  an  additional 
deposition  of  epitaxial  Si  is  no  longer  necessary. 

The  discovery  of  the  drift  of  As  in  the  Si02,  and  the 
new  understanding  of  the  As  diffusion  phenomena  in  the 
oxide,  provide  a  new  tool  for  doping  of  Si  devices.  This 
should  be  particularly  useful  in  SOI  structures,  which 
inherently  contain  a  buried  oxide  layer. 
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In  this  work  the  formation  of  silicon  on  insulator  (SOI)  substrates  by  oxygen  implantation 
(SIMOX)  and  annealing  followed  by  an  epitaxial  deposition  step  wilt  be  described.  Physical 
results  for  the  material  will  be  presented  and  then  the  corresponding  electrical  parameters  will 
be  discussed  and  compared  with  those  obtained  from  bulk  wafers  processed  simultaneously. 
From  the  results  described  we  hope  to  indicate  the  areas  in  which  problems  are  likely  to  occur 
when  using  such  substrates  in  an  1C  process. 


1  SAMPLE  PREPARATION 

Standard  CZ  n-type,  (100),  5  ohm- cm  wafers  implanted 
with  oxygen  ions  to  a  dose  of  2xl0,8cm-2  at  an  energy  of  150 
keV  and  a  temperature  of  600  UC  have  been  obtained  from  a 
commercial  source.  The  substrates  were  then  capped  with  100 
nm  of  CVD  oxide  in  order  to  protect  the  surface  and  annealed 
at  a  temperature  of  1250  "C  for  times  of  0,  2,  4  and  8  hours 
in  a  nitrogen  ambient.  After  annealing,  the  capping  layer  was 
stripped  in  buffer  HF.  One  specimen  of  each  annealing  time 
was  prepared  for  TEM  examination  as  described  elsewhere  {lj. 
A  second  set  of  substrates  were  given  the  8  hour  anneal  after 
which  a  modified  version  of  a  standard  process  was  used  to 
deposit  a  5  /im  epitaxial  layer  of  lightly  n-doped  silicon.  Only 
the  longest  annealing  time  was  used  for  this  part  of  the  work  in 
order  to  obtain  the  best  quality  starting  material  for  the  growth 
step.  One  specimen  was  also  prepared  for  TEM  examination 
and  the  remaining  wafers  were  processed  to  form  devices, 

A  simple  p-well  CMOS  process  was  used  to  manufacture 
test  structures  on  both  the  SIMOX  substrates  described  above 
and  bulk  control  wafers  which  had  received  an  identical  epitaxial 
deposition.  No  threshold  adjust  implants  were  employed,  the 
n-channel  threshold  was  set  by  the  doping  level  of  the  well 
and  the  p-channel  value  was  set  by  that  of  the  substrate.  The 
gate  oxide  thickness  was  100  nm.  In  order  to  further  simplify 
processing,  field  isolation  between  devices  was  provided  by  a 


simple  guard-banding  scheme  in  conjunction  with  a  deposited 
thick  oxide. 

2  STRUCTURAL  RESULTS 

Figure  la  shows  a  composite  cross  sectional  TEM  micro¬ 
graph  of  the  0,2  and  4  hour  annealed  specimens.  It  can  be 
seen  that  the  most  striking  changes  in  material  properties  of 
the  buried  oxide  and  silicon  layers  take  place  in  the  first  2  hours 
of  the  annealing  cycle.  The  very  large  number  of  small  sil¬ 
icon  dioxide  precipitates  seen  after  implantation  are  replaced 
by  a  much  smaller  number  of  larger  precipitates  and  the  ox- 
ide/silicon  interfaces  become  much  more  abrupt.  In  addition, 
threading  dislocations  are  formed  in  the  surface  semiconductor 
layer.  After  the  4  hour  anneal,  the  oxide  interfaces  become 
somewhat  smoother  and  the  oxide  precipitates  are  completely 
eliminated  from  the  silicon  overtayer.  This  is  confirmed  by  the 
plan  view  TEM  micrographs  of  the  2  and  4  hour  heat  treat¬ 
ments  shown  in  Figures  lb  and  lc.  In  these  images  the  oxide 
precipitates  are  labelled  P  and  crystalline  silicon  carbide  precipi¬ 
tates  C.  After  8  hours,  very  little  further  change  in  the  structure 
of  the  SIMOX  substrate  is  observed. 

In  contrast  to  the  oxide  precipitates,  the  threading  dislo¬ 
cation  density  does  not  appear  to  change  significantly  during 
the  course  of  the  heat  treatments  studied  here.  One  possible 
reason  for  the  apparent  stability  of  these  structures  is  the  fact 
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FIGURE  1 

la)  Cross-sectional  H  VEM  image  of  the  oxygen  implanted  struc¬ 
tures  after  annealing  for  0,  2  and  4  hours  at  1250  C. 


lb),  lc)  plan  view  TEM  of  silicon  overlayer  after  2  hours  (lb) 
and  4  hours  (lc)  anneal  at  1250  C. 


FIGURE  2 

Cross-sectional  HVEM  image  of  the  epitaxial  layer  illustrating 
the  decrease  of  dislocation  density  towards  the  surface. 


that  they  traverse  the  silicon  overlayer  from  one  interface  to 
the  other.  A  more  complete  description  of  the  formation  and 
evolution  of  the  defect  structures  described  above  can  be  found 
in  [1],  In  general,  our  findings  are  very  similar  to  those  that 
have  been  observed  in  studies  carried  out  by  other  workers  e  g 
[2,3,4]  at  both  similar  and  higher  temperatures. 

Structural  examination  of  a  wafer  annealed  for  8  hours  fol¬ 
lowed  by  an  epitaxial  deposition  in  cross-sectional  TEM  (Fig¬ 
ure  2)  shows  that  the  threading  dislocations  present  after  im¬ 
plantation  and  annealing  propagate  into  the  deposited  layer.  It 
can  be  seen  that  the  density  of  such  defects  appears  to  decrease 
from  the  bottom  to  the  top.  A  surface  density  of  approximately 
7xl07cm"2  has  been  obtained  by  secco  etching  and  SEM  ex¬ 
amination.  This  value  should  be  compared  with  an  estimated 
post-anneal  surface  dislocation  density  of  3xl0"cm-2  which  has 
been  measured  on  plan  view  TEM  micrographs  such  as  Fig¬ 
ure  1.  Clearly  some  elimination  of  dislocations  is  taking  place 
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during  the  course  of  the  epitaxial  deposition.  More  detailed 
TEM  studies  have  shown  dislocations  apparently  merging  and 
annihilating  each  other  but  at  present  the  mechanism  for  this 
phenomenon  is  not  dear.  Further  work  is  required  to  clarify 
the  exact  processes  that  take  place  during  the  deposition  of 
epitaxial  layers  on  SIMOX  substrates. 

3  ELECTRICAL  RESULTS 

Gate  oxide  to  silicon  interface  state  density  has  been  es¬ 
timated  by  comparing  high  and  low  frequency  (quasi-static) 
C-V  measurements  made  on  large  area  capacitors.  The  re¬ 
sults  are  shown  in  Table  1.  Clearly  the  surface  state  density 
at  the  axide/silicon  interface  is  not  significantly  increased  by 
the  presence  of  large  numbers  of  defects  such  as  those  seen  in 
Figure  2.  Furthermore,  measurements  on  long  channel  transis¬ 
tors  (Table  1)  show  that  neither  the  channel  mobility  nor  the 
threshold  voltage  of  such  devices  are  significantly  affected  by 
the  oxygen  implantation.  Such  a  result  is  to  be  expected  for 


SIMOX 

BULK 

Du  ev-'cm'1  p-well 

2.4  10‘° 

1.8  1010 

//  [cm2 /Vs]  n-chan 

730  ±7 

734  ±8 

p-chan 

318  ±3 

321  ±  4 

Vt  [VJ  n-chan 

1.16  ±  0.01 

1.25  ±  0.01 

p-chan 

-1.10  ±  0.03 

-1.10  ±  0.02 

Table  1:  Electrical  measurements  on  large  square  transis¬ 
tors. 


the  SIMOX  substrates  in  this  study  as  the  epitaxial  layers  em¬ 
ployed  are  thick  enough  that  the  buried  oxide  will  not  influence 
the  performance  of  surface  devices  such  as  MOS  transistors. 

On  the  other  hand,  one  of  the  bulk  properties  that  can  be 
expected  to  be  modified  by  the  presence  o'  large  numbers  of 
defects  is  lifetime.  C-t  measurements  of  large  area  gate  oxide 
capacitors  were  carried  out  and  Zerbst  analysis  has  been  used 
to  derive  a  value  for  the  carrier  lifetime.  Table  2  compares 
values  of  this  parameter  for  the  two  substrate  types.  It  can 
be  seen  that  the  SIMOX  substrates  do  indeed  have  a  shorter 
minority  carrier  lifetime  than  bulk  substrates. 

It  is  well  known  that  the  carrier  lifetime  can  also  have  an 
influence  on  the  leakage  of  junctions  through  the  generation 
component  of  the  current.  Table  2  compares  the  diode  leak- 


SIMOX 

BULK 

r  —r- 

V  n  ps  p-well 

3 

10 

Irev  Acm"2  n+ 

7xl0“5 

1x10“ 7 

P+ 

2x10" 7 

2x10“" 

Ideality  n+ 

P+ 

1.09 

1.09 

1.05 

1.05 

Tublc  2:  Electrical  measurements  on  large  area  diodes  and 
capacitors.  Reverse  bias  leakage  was  measured  at  lr>  V. 

age  of  bulk  and  oxygen  implanted  wafers  at  15V  reverse  bias. 
It  can  be  seen  that  the  SIMOX  n+  to  p-well  junctions  have 
a  poorer  performance  than  the  bulk  equivalents  whereas  the 
p+  to  n-substrate  devices  give  approximately  the  same  leak¬ 
age  current  in  both  cases.  More  detailed  examination  of  the 
reverse-bias  characteristics  show  that  the  n+  diodes  in  the  oxy¬ 
gen  implanted  substrates  have  very  soft  characteristics  with  a 
slightly  lower  breakdown  voltage  than  the  bulk  equivalents.  On 
the  other  hand,  when  the  forward  bias  ideality  factor  is  exam¬ 
ined  in  Table  2  it  can  be  seen  that  both  the  n+  and  the  p+ 
diodes  are  similarly  degraded  in  the  oxygen  implanted  substrate. 
Other  workers  [5]  have  also  reported  similar  observations.  Such 
an  apparently  contradictory  result  can  be  understood  if  it  is  re¬ 
membered  that  the  forward  and  reverse  biased  diode  currents 
are  made  up  from  two  terms,  due  to  generation  and  diffusion 
respectively,  weighted  by  different  factors  in  the  two  conduction 
regimes.  Thus,  in  the  case  of  reverse  bias  leakage,  the  experi¬ 
mental  results  suggest  that  the  generation  current  is  only  sig¬ 
nificant  for  the  n +  diodes,  whereas  in  the  forward  bias  regime  it 
appears  to  be  an  important  component  of  the  total  conduction 
current  of  both  types  of  device. 

Another  problem  that  could  occur  in  junctions  formed  in 
highly  dislocated  material  is  the  formation  of  spikes  by  the  en¬ 
hanced  diffusion  of  dopant  along  the  core  of  such  defects.  Dif¬ 
ferences  in  diffusion  behaviour  of  the  n  and  p  dopant  species 
could  thus  offer  an  alternative  explanation  for  the  differences  in 
diode  reverse  bias  leakage.  However,  the  possibility  of  spiking 
has  been  largely  ruled  out  in  the  present  study  by  examination 
of  the  temperature  dependence  of  the  reverse  bias  leakage  be¬ 
haviour.  If  this  problem  were  present,  it  would  be  expected 
that  the  leakage  would  be  determined  by  the  electric  field  at 
the  spike  tip  and  thus  be  relatively  independent  of  temperature. 
Five  measurements  of  the  temperature  dependence  of  the  re¬ 
verse  bias  current  at  5V  were  carried  out  on  each  substrate 
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type.  In  a4i  cases  the  results  showed  art  Arrhenius  type  be¬ 
haviour  with  an  activation  energy  of  approximately  1  eV.  Such 
a  value  is  not  consistent  with  leakage  currents  due  to  Junction 
spikes. 

4  DISCUSSION 

We  have  shown  that  the  technology  of  high  current  oxygen 
implantation  combined  with  a  suitable  annealing  cycle  and  epi¬ 
taxial  deposition  step  is  capable  of  producing  SOI  substrates 
where  the  only  significant  defects  are  threading  dislocations. 
These  structures  are  present  in  the  top  silicon  region  after  the 
annealing  process  and  propagate  through  the  epitaxial  layer 
during  deposition.  However,  we  have  shown  that  the  disloca¬ 
tion  density  apparently  decreases  from  the  back  of  this  layer  to 
the  front.  The  density  at  the  surface  is  7x10 Tcm_i. 

It  is  known  that  dislocations  generally  only  have  a  weak 
electrical  activity  in  themselves.  However,  it  is  likely  that  they 
can  act  as  preferential  sites  for  the  formation  of  more  detri¬ 
mental  defects  [6].  In  particular,  heavy  metals  (e.g.  Cu,  Fe) 
can  be  gettered  by  such  structures  to  form  electrically  active 
precipitates. 

In  the  present  study,  we  indeed  observe  a  reduction  in  life¬ 
time  of  the  SIMOX  material  relative  to  bulk  controls  such  as 
might  be  expected  in  the  presence  of  decorated  dislocations. 
We  might  reasonably  anticipate  that  other  important  device 
performance  parameters  influenced  by  generation  lifetime  will 
be  altered  in  SIMOX  material  and  in  fact  junctions  fabricated 
in  oxygen  implanted  material  show  a  somewhat  degraded  per¬ 
formance  when  compared  to  those  made  on  bulk  wafers.  The 
results  we  have  obtained  are  similar  to  those  reported  in  [6] 
where  the  change  in  diode  parameters  was  attributed  to  dec¬ 
orated  stacking  faults.  On  the  other  hand,  if  parameters  that 
are  not  directly  affected  by  the  generation  lifetime  are  exam¬ 
ined,  such  as  channel  mobility  or  threshold  voltage,  then  no 
difference  is  seen  between  bulk  and  SIMOX  substrates. 

Although  the  degradation  of  lifetime  in  SIMOX  substrates 
that  we  have  reported  is  undesireable,  it  is  probably  not  large 
enough  to  result  in  an  unacceptable  loss  of  MOS  device  perfor¬ 
mance.  However,  the  value  of  this  parameter  measured  in  this 
work  is  rather  low  in  the  oxygen  implanted  wafers  when  com¬ 
pared  to  that  expected  for  a  process  in  which  the  fabrication 
schedule  has  been  optimised  to  improve  the  lifetime.  Thus  it  is 
likely  that  such  substrates  will  not  be  suitable  for  the  manufac¬ 


ture  of  high  performance  bipolar  or  power  devices  unless  some 
improvement  in  material  quality  can  be  achieved. 

5  CONCLUSIONS 

We  have  shown  that  oxygen  implanted  substrates  can  be 
processed  in  a  relatively  conventional  manner  to  form  starting 
material  of  acceptable  quality.  It  is  possible  to  process  such 
wafers  using  a  simple  CMOS  process  to  form  devices  with  an 
acceptable  performance.  On  the  other  hand,  the  material  does 
not  appear  to  be  suitable  for  the  fabrication  of  bipolar  or  power 
devices  unless  some  substantial  improvement  can  be  made  in 
the  quality  of  the  as-implanted  and  annealed  susbstrates. 
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•  » 

J  R  Davis,  K  Reeson  and  P  L  F  H eminent 

British  Telecom  Research  Labs,  Martlesham  Heath,  Ipsvich,  UK. 
•University  of  Surrey,  Guildford,  Surrey,  UK. 


Snail  geometry  CMOS  transistors  have  been  made  in  SOI  wafers  produced  by  high  dose 
oxygen  implantation.  By  performing  the  implantation  at  high  energy  (200  keV)  and 
annealing  the  wafers  at  1300°C,  the  thickness  and  quality  of  the  resulting  silicon 
film  is  such  that  the  expensive  and  difficult  to  control  step  of  epitaxial  growth 
is  not  needed.  The  lack  of  any  major  crystallographic  defects  (other  than  threading 
dislocations)  results  in  the  absence  of  any  anomolous  lateral  diffusion  of  the 
source/drain  dopants,  allowing  1  micron  gates  to  be  used  without  excessive  channel 
shortening. 


1 .  INTRODUCTION 

Considerable  progress  has  been  made  in 
recent  years  towards  producing  the  silicon  on 
insulator  (SOI)  layers  by  oxygen  implantation. 
The  primary  application  for  these  layers  is  as 
a  substrate  for  high-performance  CMOS  circuits. 

In  many  cases  in  the  literature  111,  the 
CMOS  transistors  have  been  fabricated  in  an 
epitaxial  layer  grown  on  top  of  the  thin 
silicon  film  isolated  by  the  oxygen  implant¬ 
ation.  The  advantage  of  this  technique  is 
that  the  active  areas  of  the  devices  avoid  any 
crystalline  damage  left  in  the  silicon  film 
after  implantation  and  annealing.  The 
disadvantages  are  that  the  silicon  islands 
are  thicker  than  optimum  and  also  that  the 
epitaxial  growth  step  is  expensive  and 
difficult  to  control.  In  this  paper  we  show 
that  by  using  a  high  energy  (200  keV)  implant, 
followed  by  annealing  at  1300°C,  the  quality 
of  the  silicon  layer  and  its  interfaces  is 
sufficient  to  support  high-performance 
transistor  action  without  the  need  for  epitaxy. 

2.  METHOD 

Standard  3"  (100)  20  ohm. cm  p-type  wafers 

were  implanted  with  1.8  x  101®  0+  ions/cm^  at 

o 

200  keV.  Only  the  central  2.5  x  2.5  cm  area 
was  implanted  and  the  wafers  were  maintained 
at  temperatures  of  around  500-520°C  by  beam 


heating.  No  screen  oxide  was  used.  The  wafers 
were  then  annealed  at  1300°C  for  2  or  20  hours 
in  a  nitrogen  ambient  and  using  a  protective 
cap  of  deposited  oxide.  CMOS  transistors  were 
fabricated  in  these  wafers,  without  epitaxy, 
using  a  conventional  polysilicon  gate  process 
with  LOCOS  isolation.  The  total  reduction  in 
the  thickness  of  silicon  islands  due  to  the 
growth  of  various  oxides  was  31*  nm.  Boron 
implantation  was  performed  with  a  range  of 
doses  into  the  channels  of  both  the  p-  and 
n-channel  transistors  to  adjust  the  threshold 
voltages  and  to  control  conduction  along  the 
back  channel.  The  gate  oxide  thickness  was 
27  nm. 

3.  MATERIALS 

TEM  cross-sections  [  2]  of  wafers  similar 
to  those  used  for  device  fabrication  showed 
that  the  thickness  of  the  buried  oxide  was 
approximately  U00  nm,  in  good  agreement  with 
the  value  of  1*10  nm  predicted  by  assuming  that 
the  total  implanted  dose  is  converted  to 
stoichiometric  silicon  dioxide.  The  top 
silicon  film  was  approximately  290  nm  thick. 
Wafers  annealed  for  2  hours  (at  1300°C)  shoved 
an  abrupt  interface  between  the  buried  oxide 
and  the  silicon  film.  There  was,  however,  a 
row  of  small  (20-1*0  nm)  oxide  precipitates  in 
the  silicon  film  about  100  nm  from  the  buried 
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interface.  These  precipitates  disappeared  in 
the  specimen  annealed  for  20  hours,  in  agreement 
with  the  results  of  Margail  et  al  [ 3] . 

Threading  dislocations,  running  through  the 
total  thickness  of  the  silicon  film,  were 
found  for  both  annealing  times.  The  measured 
densities  of  these  dislocations  were 

1  x  109cm2  after  2  hours  and  4  x  10®  cm  2 
after  20  hours  but  it  is  not  certain  if  this 
reduction  is  attributable  to  the  increased 
annealing  or  to  small  variations  in  the 
implantation  conditions. 

Although  the  TEM  cross-sections  and  RBS 
studies  showed  that  the  longer  annealing  time 
produced  an  improvement  in  the  crystal 
structure,  SIMS  profiling  [41  indicated  that 
it  was  accompanied  by  a  peak  of  high  oxygen 
concentration  very  near  the  top  surface  of  the 
silicon.  The  cause  of  this  effect  is  not 
known  and  is  being  investigated  further . 

Probably  as  a  result  of  this  high  oxygen 
level,  the  electrical  properties  of  the  top 
interface  were  slightly  degraded  by  the  longer 
anneal.  The  results  that  follow  refer  to  the 

2  hour  anneal  unless  otherwise  stated. 

4.  ELECTRICAL  RESULTS 

4 . 1  General 

Low  field  inversion  mobilities  were 
extracted  from  plots  of  reciprocal  gain  versus 
drawn  channel  length.  Average  values  of 

p  p 

580  cm  /V.s  for  electrons  and  205  cm  /V.s  for 
holes  were  obtained  from  n-  and  p-channel 
transistors  with  optimum  boron  implant  doses. 
These  values  are  within  a  few  percent  of  those 
obtained  on  bulk  transistors  with  similar 
doping  levels  and  are  better  than  those 
obtained  on  earlier  wafers  annealed  at  1150°C 
or  1200°C. 

Electron  mobilities  were  also  measured  at 
the  beck  interface  by  using  the  silicon 
substrate  as  a  gate.  For  the  wafer  annealed 

2 

for  20  hours,  values  in  the  range  150-450  cm  / 
V.s  were  obtained,  far  higher  than  for  earlier 
devices  l 5l •  The  highest  values  of  back- 


channel  mobility  corresponded  to  the  highest 
implantation  temperatures.  This  indicates  that 
better  regrovth  of  the  back  interface  and 
dissolution  of  the  oxide  precipitates  occurs 
if  amorphisation  of  the  silicon  near  the 
buried  oxide  is  avoided  [  6] . 

Drain  junction  leakages  measured  with  the 
transistors  in  the  'off  state  and  with 
|VD|  =  IV  were  typically  below  5  x  10  ^  A/ 
micron  channel  width  for  both  transistor  types. 
Even  for  p-channel  transistors  in  which  the 
channel  was  buried  by  using  a  boron  counter¬ 
doping  implant,  the  leakage  did  not  exceed 
3 

10  A/micron.  It  is  probable  that  these  low 
values  are  obtained  in  the  presence  of  the 
large  number  of  dislocations  because  they  do 
not  intersect  the  junction. 
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FIGURE  1 

Correlation  between  the  threshold  voltage  and 
subthreshold  slope  of  individual  SOI  trans¬ 
istors  for  a  variety  of  shallow  boron  implant 
doses,  (a)  n-channel,  (b)  p-channel. 
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The  correlation  of  the  subthreshold  slope 
s  (s  ■  dV^/d  (log (1^) )  in  mV/decade)  and  the 
threshold  voltage  is  shown  in  Figure  1  for 
several  channel  iaplants.  Values  of  less  than 
100  mV/decade  are  achieved  with  the  single 
exception  of  the  n-channel  transistor  with  the 
highest  implant  dose.  These  values  are  in  good 
agreement  with  those  predicted  by  a  modified 
version  of  MINIMOS  [  7]  assuming  an  ideal 
silicon  film.  Earlier  transistors  in  films 
annealed  at  lower  temperatures  had  signifi¬ 
cantly  worse  subthreshold  slopes  and  could  be 
modelled  by  assuming  the  presence  of  bulk 
3tates  in  the  silicon. 

The  subthreshold  characteristics  of  the 

n-channel  transistors  shown  in  Fig.  1  were 

measured  with  a  bias  applied  to  the  back  gate 

(V„  =  -10V)  in  order  to  prevent  conduction 
Btr 

along  the  edges  of  the  transistor  at  the 


Subthreshold  characteristics  of  an  n-channel 
transistor  as  a  function  of  the  back-gate 
voltage.  Inset:  calculated  channel  doping 
profile  (cm~3)  at  the  island  edge. 


interface  with  the  buried  oxide.  In  Fig  2  an 
anomolous  low-level  component  of  subthreshold 
current  is  seen  to  be  removed  by  accumulating 
the  back  interface  of  the  film  with  a  negative 
voltage.  'She  characteristics  of  edgeless 
(closed  geometry)  transistors  were  independent 
of  this  bias.  The  cause  of  the  extra  current 
at  the  device  edges  is  the  change  in  doping 
profile  caused  by  the  bird's  beak,  as  shown  in 
the  inset  of  Fig  2.  This  reduction  in  effective 
doping  can  be  overcome  by  simple  changes  in  the 


dopant  implantation  schedule,  thus  rendering 
back-gate  bias  unnecessary.  Rote  that  the 
edge-current  path  in  this  case  with  L0C0S- 
isolated  islands  is  at  the  back  interface,  in 
contrast  to  the  island  edge  effects  reported 
previously  for  mesa-isolated  devices  [8J.  In 
this  latter  case  the  current  flows  along  the 
top  edges  of  the  islands  where  the  gate  fields 
from  the  top  and  sides  of  the  island  overlap 
and  cause  a  local  reduction  in  threshold 
voltage . 

4.2  Short  Channel  Effects 

Output  characteristics  of  short  channel 
transistors  (1.0  micron  gates)  are  shown  in 
Fig  3.  Both  transistor  types  show  good 
current  drive  capability  and  relatively  small 


drain  voltage,  volts 


drain  voltage,  volts 

FIGURE  3 


Output  characteristics  for  short  channel 
transistors  in  SOI  wafers  annealed  at  1300°C 
for  2  hours.  Gate  length  *  1  micron,  channel 
width  ■  8  microns,  (a)  n-channel,  (b) 
p-channel. 


527 


short  channel  effects.  No  'kink'  is  seen  in 
the  n-channel  characteristics  due  to  the  fact 
that  with  the  relatively  thin  silicon  film  the 
island  is  completely  depleted  and  there  is  no 
neutral  region  to  he  charged  by  hot  carrier 
effects  l  9l . 

The  values  of  AL,  the  difference  between 
the  nominal  gate  length  and  the  electrical 
channel  length,  were  measured  as  0.1  and  0.2 
microns  for  the  n-  and  p-channel  transistors 
respectively.  Corresponding  values  for  the 
back-channel  transistors  were  -0.1  and  0 
microns.  These  results  indicate  that  there  is 
no  significant -anooolous  lateral  diffusion  of 
the  source  and  drain  dopant  along  the  back 
interface.  The  fact  that  the  effective  channel 
lengths  at  the  back  interface  are  larger  than 
those  at  the  front  suggest  that  the  source  and 
drain  regions  have  their  normal  semi-circular 
shape.  This  is  in  contrast  to  observations  in 
silicon  on  sapphire  where  fast  diffusion  along 
twin  boundaries  leads  to  greater  lateral  spread 
at  the  back  interface  than  at  the  surface  l 1 0) . 

The  reduction  in  n-channel  threshold 
voltage  as  the  gate  length  is  decreased  from  10 
to  1 .0  microns  is  only  about  50  mV  and  remains 
well  controlled  for  all  values  of  channel 
doping.  The  p-channel  transistors  with  a 
surface  channel  (no  boron  implant)  also  show 
well-controlled  thresholds  for  gate  lengths 
down  to  1.0  microns.  The  buried  channel 
transistors  however,  show  the  effects  of  punch- 
through  for  gate  lengths  below  1.5  microns. 

Two  possible  solutions  of  this  problem  are  the 
use  of  a  deep  phosphorus  implant  or  the  use  of 
thinner  silicon  films. 

5.  CONCLUSIONS 

These  results  demonstrate  that  the 
combination  of  performing  the  oxygen 
implantation  at  200  keV  and  annealing  at  very 
high  temperatures  results  in  an  SOI  substrate 
which  is  capable  of  supporting  high-performance 
CMOS  transistors  without  the  need  for  epitaxy. 
The  processing  sequence  used,  although  by  no 


means  optimised,  shows  that  viable  short 
channel  transistors  can  be  produced  with  very 
simple  processing. 
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New  methods  and  results  related  to  the  characterization  of  silicon  on  insulator  material  formed  by  deep  oxygen 
implantation  (SIMOX)  are  presented.  An  original  and  exact  analysis  allows  us  to  determine  both  the  minority  carrier 
lifetime  and  the  surface  recombination  velocity  by  monitoring  the  transient  drain  current  of  depletion  mode  SIMOX 
transistors  pulsed  in  deep  depletion.  In  addition,  the  dynamic  transconductance  technique,  initially  proposed  for 
enhancement  devices,  is  adapted  to  characterize  interface  properties  of  depletion  mode  transistors. 


1.  INTRODUCTION 

The  characterization  of  interface  and  volume  properties  of 
silicon  on  insulator  (SOI)  material  is  difficult  using  conventional 
capacitance  methods.  This  is  due  to  :  (1)  the  complex  multi¬ 
interface  nature  of  SOI  structures,  (2)  the  absence  of  a  film 
contact,  (3)  the  increased  influence  of  parasitic  capacitances  [1] 
and  (4)  the  very  small  gate  area  of  VLSI  devices.  In  this  paper, 
we  present  new  results  related  to  the  characterization  of  SIMOX 
materials  fabricated  under  different  processing  conditions. 
These  results  concern  several  important  parameters,  namely  :  the 
minority  carrier  lifetime  f,  the  surface  recombination  velocity  s0 
as  well  as  the  density  of  interface  traps.  Such  a  characterization 
has  been  possible  by  means  of  two  original  methods  which  we 
present,  for  the  first  time,  in  the  next  two  sections. 


2.  MINORITY  CARRIER  LIFETIME  AND  SURFACE 

RECOMBINATION  VELOCITY 

The  minority  carrier  lifetime  r  is  a  very  important  parameter 
in  characterizing  the  quality  of  silicon  films.  The  application  of 
the  standard  deep  depletion  capacitance  technique  [2]  is  not 
straightforward  due  to  the  strong  influence  of  parasitic 
capacitances  and  series  resistance  [1].  This  difficulty  has  been 
avoided  by  monitoring  the  transient  drain  current  in  a  depletion 
mode  transistor  (DMT)  while  being  pulsed  in  deep  depletion 
(3).  However,  the  extraction  of  f  was  carried  out  using  an 
approximate  analysis  which  neglects  the  influence  of  surface 
recombination.  Here,  we  present  an  exact  analysis,  similar  to 
that  of  Zerbat  [2],  to  determine  both  t  and  s0. 


From  the  equation  of  charge  conservation  in  an  MOS  system, 
the  sum  of  the  inversion  charge  Qj„v  and  the  interface  trap 
charge  Qjt  is : 


{Qinv+^it)"Cox(VVFB)-  wl-«NdW  (1) 

8 


with  Cox  :  the  gate  oxide  capacitance,  Vq  :  the  gate  voltage, 
VpB  :  the  flat  band  voltage,  Nj  :  the  film  doping,  W  :  the 
depletion  layer  width  and  es  :  the  silicon  permitivity.  The 
depletion  layer  width  W  can  be  expressed  in  terms  of  the  drain 
current  Ij  as  follows  : 


w  -  w. 


oZV„ 


!d  “  Wf  '  KId 


(2) 


where  Wf  is  the  silicon  film  width,  L:  the  channel  length,Z  :the 
channel  width,  a  :  the  film  conductivity,  Vjy  :  the  drain  voltage 
and  K  -  L/(oZVjy).  By  differentiating  (1)  with  respect  to  time 
we  get: 
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where  Id(*)  is  the  final  steady  state  current.  The  right  hand  side 
(R.H.S.)  of  (3)  represents  the  generation  in  the  bulk  as  well  as 
under  the  gate.  By  plotting  the  left  hand  side  QLH.S.)  of  (3) 
versus  [Id(w)  •Id(0Lwe  obtains  straight  line  from  which  i  and 
s0  can  be  extracted  using  the  slope  and  the  intercept  respectively. 
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Measurement*  were  performed  on  S1MOX  samples  fab¬ 
ricated  by  implanting  a  high  oxygen  dose  (UbdO4*  0+/cml) 
at  200  keV  with  an  implantation  temperature  of  500  *G  Both 
low  temperature  (1200  *C)  and  high  temperature  (1300-1400*C) 
anneals  have  been  performed.  A  semiconductor  parameter 
analyzer  (HP  414SB)  was  used  to  monitor  the  transient  drain 
current  as  a  function  of  time.  Fig.  1  shows  the  transient  drain 
current  for  an  edgeless  N  +  NN+  transistor  with  Ng  «  1017 
cm'3  and  annealed  at  1400  *C.  The  values  of  i  and  s0>  obtained 
from  the  linear  part  of  the  transient  shown  in  Fig 2,  were  1.6  p* 
and  oa  cm/s  respectively.  The  high  value  obtained  for  r  give* 
evidence  of  the  good  quality  of  the  silicon  film  after  annealing  at 
high  temperature.  In  contrast,  much  smaller  lifetime  values  (10- 
100  ns;  according  to  processing  conditions)  were  obtained  for 
silicon  films  annealed  at  low  temperatures  which  confirms  their 
inferior  quality.  The  departure  from  linearity  at  the  beginning  of 
the  transient  (Figa)  is  attributed  to  a  non  constant  surface 
recombination  velocity.  The  low  value  obtained  for  s0,  bom  the 
intercept,  corresponds  to  the  surface  recombination  velocity 
under  the  gate  when  the  surface  is  strongly  inverted. 
Measurements  were  also  performed  on  conventional  transistors 
(le.  with  edges)  ;  the  results  indicate  the  strong  influence  of  the 
sidewalls  generation  component  on  the  slope  of  the  straight  line. 
This  suggests  a  new  definition  of  an  ’effective'  measured  lifetime. 
More  details  will  be  given  elsewhere. 


FIGURE  2 

Extraction  of  the  minority  carrier  lifetime  t  and  the  surface 
recombination  velocity  s0  from  the  slope  and  the  intercept 
respectively  (see  eqm3). 

3.  INTERFACE  TRAP  PROPERTIES 

Recently,  a  new  technique  has  been  proposed  for  the 
determination  of  interface  trap  properties  from  the  dynamic 
transconductance  of  enhancement  MOSFETs  made  on  bulk-Si 
[4],  In  this  section,  the  dynamic  transconductance  technique  is 
adapted  to  depletion  mode  transistors  and  applied  to 
characterize  transistors  fabricated  on  S1MOX  material 


In  an  N  +  NN  +  transistor  which  is  not  totally  depleted  and 
operates  in  the  ohmic  region  (le.  Vjy  —  >  0),  the  drain  current 
is  given  by : 


Xd  ■  "T*  (Qd»a,-  VVD  <*> 

with  Qfimax  “  qNjWf.  The  transconductance  gn,  -  dl^dVg 
is,  therefore  given  by : 


^a 

dVdVG 


where  fs  is  the  surface  potential. 


(5) 


FIGURE  1 


Drain  current  as  •  function  of  time  foe  a  depletion  mode 
transistor  pulsed  in  deep-depletion  (HTA-SIMOX,  VD  -  50 
mV,  Vg  «*  -4  V) 


In  the  case  of  harmonic  small  signal  operation,  dTg/dVQ  is 
obtained  by  differentiating  the  instantaneous  charge  conservation 
equation,  in  the  depletion  regime,  with  respect  to  time : 


f!s 

dV„ 


OX 


Cox+  V 
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(6) 


r 


T 


f 


t 


w here  •  is  the  angular  frequency  of  the  applied  gate  signal,  Cg: 
the  depletion  layer  capacitance  and  Yg :  the  equivalent  parallel 
interface  trap  admittance  (Yjj  -  Op  +  joCp  [5]).  By 
substituting  (6)  into  (5)  and  replacing  dQjj/dt,  by  Cg,  we  get : 


«»<•> 


C.C 
d  ox 


V  Co*+ 


(7) 


with  Kj  -  (4(Z/L)Vq.  Similar  to  enhancement  MOSFETs, 
Gp/»  is  simply  obtained  from  the  imaginary  part  of  l/gm(«) : 


G 

lL,WMI,'1/«e(*11  (8) 

The  depletion  capacitance  Cg  can  be  known  from  the  real  part 
of  at  high  frequency.  In  the  case  of  enhancement 

MOSFETs  operating  in  weak  inversion,  Gp/o  is  given  by  [4]: 

G  Cl 

-f-kfTT  (9) 


magnitude  and  is,  therefore,  attributed  to  bulk  traps.  Fig. 4  shows 
Gp/m  versus  frequency  for  an  another  enhancement  MOSFET 
implanted  at  515  *C  and  annealed  at  1400  *C.  The  bulk  traps 
peak  dissappeara  and  an  average  interface  trap  density  of  4x10*° 
eV'^cm"1  is  deduced  from  the  of  the  peaks. 


FIGURE  4 


Dynamic  transconductance  measurements  were  performed  on 
enhancement  and  depletion  mode  SIMOX  transistors.  Fig3 
shows  a  plot  of  Im[  V'gmfw)  ]  versus  frequency  for  an 
enhancement  MOSFET  implanted  at  480  *C  and  annealed  at  low 
temperature  (1200  *C).  The  double  peak  behaviour  is  due  to  the 
presence  of  both  interface  and  bulk  traps.  The  interface  trap 
peak  shifts  towards  higher  frequencies  with  increasing  Vq  while 
the  other  peak  docs  not  change  neither  in  position  nor  in 


Gp/ui  versus  frequency  for  an  enhancement  mode  transistor  with 
an  implantation  temperature  of  515  C  and  annealing 
temperature  of  1400  °C. 


The  qualities  of  the  front  and  back  interfaces,  in  a  depiction 
MOSFET  are  compared  in  Fig.5.  In  case  of  the  back  interface, 


FIGURE  3 


FIGURES 


Variation  of  the  imaginary  part  of  l/g^n)  as  a  function  of 
frequency,  with  Vq  a*  a  parameter  in  weak  inversion,  for  an 
enhancement  mode  transistor  on  SIMOX  material  implanted 
and  annealed  at  low  temperature. 


Experimental  plot  of  Im[l/gm(o)]  versus  frequency,  in 
depletion,  for  a  depletion  mode  transistor.  The  implantation 
temperature  was  515  *C  while  the  annealing  temperature  was 
1400  C. 
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bulk  trap*  (present  in  Che  depletion  region  above  the  interface) 
dominate,  'nit  it  evident  tince  the  obtained  peak  doet  not 
change  neither  in  potitioc  nor  in  magnitude  with  varying  Vq. 
On  the  contrary,  only  interface  trap  peaks  are  obtained  for  the 
front  interface  with  an  average  interface  trap  density  of  Iff11 
eV"1cm'z.  Due  to  the  complexity  of  the  equivalent  circuit 
including  bulk  traps,  foe  relationship  between  the  bulk  trap 
admittance  and  gm(e)  is  not  straightforward.  Consequently, 
quantitative  information  about  them  ta  more  difficult  to  obtain 
than  for  interface  traps.  Aseperate  study  will  be  devoted  to  this 
problem. 

4.  CONCLUSIONS 

We  have  presented  new  methods  for  foe  characterization  of 
interface  and  volume  recombination  properties  in  SIMOX 
material.  The  dynamic  transconductance  method  is  adapted  to 
depletion  mode  transistors  and  applied,  for  foe  first  time,  to 


determine  the  interface  trap  properties  in  both  enhancement  and 
depletion  type  devices  on  SIMOX  material.  The  minority  carrier 
lifetime  as  well  u  the  surface  recombination  velocity  are 
determined  using  a  depletion  mode  MOSFET  pulsed  in  deep 
depletion.  Finally,  foe  effect  of  implantation  and  annealing 
temperatures  mi  the  quality  of  silicon  films  was  investigated. 
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1.  INTRODUCTION 

The  advantages  of  silicon-on-insulator  (SOI) 
over  bulk  silicon  technology  for  CMOS  devices 
are  well  documented  [1]  and  include  greater 
packing  densities,  increased  radiation 
hardness,  immunity  from  latch-up  and  lower 
parasitic  capacitances.  At  present 
silicon-on-sapphire  (SOS)  is  the  only  readily 
available  SOI  substrate.  SOS  material  has 
differences  with  respect  to  single  crystal 
silicon  substrates  which  must  be  taken  into 
account  during  processing  as  they  ultimately 
affect  device  characteristics.  One  of  the  most 
important  differences  is  the  defect  density 
profile.  In  SOS  the  lattice  mismatch  between 
the  silicon  and  the  sapphire  results  in  the 
presence  of  crystalline  defects  in  the  silicon, 
the  concentration  of  which  decreases  with 
distance  from  the  interface  as  the  mismatch  is 
accomodated.  The  defects  are  mostly  stacking 
faults,  micro-twins  and  dislocations  in  the 
epitaxial  silicon  layer.  It  has  been  found 
previously  [2]  that  dopant  diffusion  in  SOS  can 
be  Increased  over  bulk  silicon  behaviour  by  the 
presence  of  defects. 

For  the  formation  of  small  geometry  MOSFET's 
(gate  lengths  <  1  pm).  It  is  necessary  to  limit 
the  source/drain  diffusion  not  only  in  the 
lateral  direction  under  the  gate  electrode,  but 
also  In  depth  In  order  to  limit  deleterious 
short  channel  effects.  Experimental  and 
modelling  studies  of  dopant  redistribution  in 
as -grown  SOS  have  shown  that  the  residual 
defects  result  in  enhanced  diffusion  compared 
to  equivalent  bulk  silicon  behaviour.  For 


example.  Figure  1  illustrates  a  part  of  a 
cross-section  of  an  MOS  device  in  which  the 
gate  electrode  has  acted  as  an  implant  mask  for 
a  self-aligned  arsenic  source/drain  implant  on 
the  left.  The  contours  show  the  arsenic 
concentration  after  a  900’C  30  minute  furnace 
anneal  predicted  by  the  SOS  diffusion  model. 
The  bottom  of  the  diagram  is  the 
silicon/sapphire  interface. 


Fig  1:  40  keV  5x10  cm  ^  arsenic 

900°C  30  min  anneal.  Solid  lines 
give  carrier  profile  in  as 
grown  SOS  and  dashed  line  gives 
junction  contour  for  equivalent 
bulk  silicon  diffusion 

It  can  be  seen  that  there  is; 

(1)  An  increased  sideways  diffusion  of  the 
source/drain  region  into  the  channel  under 
the  gate  region,  in  comparison  with  the 
bulk  silicon  equivalent. 

(ii)  A  lateral  extension  of  the  source/drain 
region  near  the  si  1  icon/sapphire 
interface. 

The  first  effect  increases  the  parasitic 
gate  capacitance,  while  it  is  expected  that  the 
second  contributes  to  the  off-state  leakage  of 
SOS  devices,  by  creating  a  leakage  path  along 
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the  silicon/sapphire  Interface.  This  diffusion 
behaviour  may  be  restricted  by  either  removing 
the  crystalline  defects  present  in  the  silicon 
layer  or  by  using  short  duration,  high 
temperature  heat  treatments  for  annealing  out 
the  source/drain  implantation  damage. 

In  the  current  work,  NMOS  devices  have  been 
fabricated  on  both  0.3  pm  and  0.6  pm  thick 
as-received  SOS  wafers  and  Improved  crystalline 
quality  SOS  obtained  using  the  double  solid 
phase  epitaxy  and  growth  (DSPEG)  technique  [3]. 
A  mesa  Island  etched  NMOS  process  with  a  gate 
oxide  thickness  of  3 00  A  was  used  to  produce 
various  size  transistors  from  20  pm  to  0.75  pm 
length  (20  pm  width). 

The  anneal  and  activation  of  the 
source/drain  regions  was  performed  using  either 
a  900‘C  30  minute  furnace  treatment  In  a  dry 
nitrogen  ambient  or  rapid  optical  heating  to 
(nominally)  1100’C  for  five  seconds.  Table  1 
gives  a  summary  of  the  major  long  channel 
device  characteristics.  These  are  averages  of 
about  fifty  devices  in  each  case,  the  errors 
are  approximately  two  standard  deviations  of 
the  distribution  (i.e.  absolute  error). 

In  particular.  It  can  be  seen  that  the  DSPEG 
material  results  in  the  highest  channel 
mobilities  (indicative  of  the  removal  of 
crystalline  defects)  and,  as  anticipated,  that 
the  sideways  diffusion  (the  difference  between 
the  physical  and  electrical  channel  lengths)  is 
reduced  for  both  DSPEG  and  rapid  annealed 
cases. 

To  investigate  the  effect  of  the  lateral 
diffusion  of  dopant  at  the  silicon/sapphire 

Table  1: 


interface,  the  off-state  leakage  currents  of 
the  NMOS  devices  were  measured.  Each  device 
had  its  gate  electrode  held  at  1  Volt  below  the 
measured  threshold  voltage  for  that  device 
whilst  the  drain  leakage  current  was  measured 
for  a  source-drain  potential  difference  of 
5  Volts.  In  this  way  the  off-state  leakage 
current  of  a  device  could  be  plotted  against 
the  electrical  channel  length  of  that  device. 

Figure  2,3  and  4  show  the  results  obtained 
for  0.3  pm  as-received  SOS,  0.3  pm  DSPEG 
material  and  0.3  pm  as-received  SOS  using  the 
rapid  anneal.  For  the  first  case  the  leakage 
rises  rapidly  for  electrical  channel  lengths 
below  approximately  1.3  pm,  whereas  for  the 
other  cases  the  electrical  channel  lengths 
below  which  leakage  rises  is  less  than  1  pm. 
The  larger  scatter  in  Figure  4  is  thought  to  be 
due  to  the  greater  variations  in  temperature  of 
the  rapid  optical  anneal  between  wafers.  By 
considering  the  electrical  channel  length,  the 
differences  in  sideways  diffusion  near  the 
Si -Si 02  interface  between  samples  are  largely 
accounted  for  and  the  observed  behaviour  may  be 
attributed  to  the  differences  in  arsenic 
diffusion  at  the  silicon/sapphire  interface. 

In  conclusion,  it  has  been  shown  that  either 
using  the  DSPEG  technique  or  reducing  the 
thermal  cycling  of  the  source/drain  anneal, 
good  working  NMOS  SOS  transistors  with 
sub-micron  electrical  channel  lengths  can  be 
obtained.  The  dopant  profiles  after  diffusion 
are  being  investigated  and  will  be  presented 
along  with  detailed  electrical 
characterisation. 

Furnace  Anneal 


SOS  substrate 

0.6  pm  as  received 
0.3  pm  as  received 
0.3  pm  DSPEG 


0.6  pm  as  received 
0.3  pm  as  received 
0.3  pm  DSPEG 


Threshold 

voltage  (V) 

Mobility  (cm2/Vsec) 

Sideways  diffusion  (pm) 

0.70  ± 

0.02 

336  ±  20 

0.12  ±  0.02 

0.59  ± 

0.02 

328  ±  10 

0.12  ±  0.02 

0.52  ± 

0.02 

416  ±  15 

0.06  ±  0.02 

Rapid  Optical  Anneal 

0.58  t 

0.10 

336  ±  20 

0.08  ±  0.02 

0.64  ± 

0.03 

269  ±  20 

0.07  ±  0.03 

0.47  ± 

0.05 

386  ±  15 

0.07  ±  0.03 

534 


ACKNOWLEDGEMENTS 

This  work  was  partly  supported  by  the  Alvey 
Directorate  and  the  rapid  optical  annealing  was 
perforated  at  STL. 


REFERENCES 

[1]  Partridge  S.L.,  IEDM  1986,  Tedchnlcal 
Digest,  Section  16.6,  428-430 

[2]  Cowern  N.E.B.,  Yallup  K.J.  and  and  Godfrey 
D.J.,  Appl .  Phys.  Lett.,  48  (11),  1986, 
704-706 

[3]  Peters  T.8.  and  Dineen  C.  IEEE  SOS/SOI 
Technology  Workshop,  Florida,  1986, 


AS  GROWN  0.3  um  SOS  30  min  100'C  FURNACE 


OSPEG  0.3  um  SOS  30  min  900’C  FURNACE 


Figure  2  Figure  3 

AS  CROWN  0.3  um  SOS  S  nc  III 


Figure  4 
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We  showed  recently  the  successful  operation 
of  digital  inverters  and  ring-oscillators  using 
a  new  Integrated  circuit  technology,  comple¬ 
mentary  silicon  MESFET's  on  si 1  Icon-on-sapphire, 
called  CMES  [1].  The  technology  Involves 
fabricating  normally-off  p-  and  n-type  MES- 
transistors  by  depositing  two  types  of  contact 
metals,  one  (Pt  or  Ir)  having  a  high  Schottky 
barrier  *B  on  nSi  and  serving  as  gate  on  n- 
transistors  and  source  and  drain  ohmic  contacts 
on  p-transistors,  the  other  (Er  or  Tb)  serving 
as  high  gate  on  pSI  and  ohmic  S  and  0 
contacts  for  n-transistors.  Figure  1  shows  a 
cross-section  of  a  CMES-inverter  fabricated 
using  SOS-technology,  and  its  circuit  diagram. 


FIGURE  la 

Cross-section,  Inverter 


The  main  advantages  of  this  technology 
compared  to  CMOS  are  1)  low  power  consumption 
('factor  100  lower)  because  of  low  power 
supply  voltage,  typically  <0.5  V  necessitated 
by  not  driving  the  Schottky  gates  too  much 
forward  causing  gate  current;  2)  high 
effective  mobility  and  low  noise  because  the 
carriers  move  deeper  in  the  semiconductor 
than  in  the  MOS  case,  thus  avoiding  interface 
and  oxide  states;  3)  higher  radiation 
resistance  than  for  MOS  ('factor  100)  and 
4)  freedom  from  other  MOS-oxide  problems  such 
as  hot  electron  effects  encountered  at  small 
dimensions. 

Test  chips  containing  n-  and  p-type  tran¬ 
sistors  of  different  dimensions,  complementary 
inverters  and  ring-oscillators,  all  using 
normally-off  transistors  have  been  fabricated. 
The  threshold  voltage  VT  was  0.1  for  both  n- 
and  p-type  transistors  (fig.  2)  and  figure  3 
shows  the  transfer  characteristics  of  a 
complementary  inverter  operating  at  VDS=0-4  V- 
Measurements  on  a  7-stage  ring-oscillator 
using  transistors  with  5  pm  gate  length  show 
a  gate-delay  time  of  '40  ns.  According  to  the 

MESFET-theory  [2],  the  gate-delay  time  is 

2 

proportional  to  L  .  Computer  simulations  using 
a  large-signal  MESFET  model  [3]  indicate  a 
stage  delay,  tp  of  2  nsec  for  2  pm  gate  length 
transistors  with  width  '50  pm,  using  VT 
-0.06  V  and  a  supply  voltage  of  0.3  V. 


FIGURE  lb 

Circuit-diagram,  Inverter 


FIGURE  2 

/T^  versus  Vfi  graph  for  n-channel  transistor 


FIGURE  3 

Transfer  characteristic  of  Inverter 

Due  to  the  complementary  structure  and 
similarities  In  processing,  layout  work  Is 
easily  made  by  converting  CMOS- layouts.  New 
testchlps  are  currently  In  process  which 
contain  more  complex  digital  structures  such 
as  NAND,  NOR,  TG,  XOR  and  static  RAM  cells. 

The  layouts  for  these  structures  has  been  made 
using  a  modified  CMOS  CAD  package.  Analog 
circuits  are  also  under  development. 

A  special  testchlp  containing  a  "fat  FET" 
for  characterization  of  the  SOS  materials  has 
been  produced  [2].  This  method  Is  based  on  the 
study  of  drain  current  change,  dip,  occurring 
In  the  trlode  region  when  the  channel  width 


Is  Incremented  by  aw  as  the  gate  voltage  Is 
changed  by  a^ss=^G1“^G2*  see  ^9ure 


Cat*  matal 


FIGURE  4 

Principle  of  “fat-FET" 

The  mobility  in  the  increment  can  be  cal¬ 
culated  using  the  relation 

aiD  =  pEqNZAw  (1) 

where  N  is  the  doping  concentration  (^carrier 
concentration),  E  the  field  strength  and  Z  the 
gate  width.  The  channel  increment  is  given  by 


AW 


VraVG 

qNw 


(2) 


Now,  we  introduce  the  voltage  drop  due  to 
Ip,  In  2R,  the  resistances  due  to  the  space 
between  gate  and  source  (or  drain)  and  neglect 
contact  resistances  (permissible  If  the 
barriers  of  the  source  and  drain  contacts  are 
low  enough).  Using  the  relation 

r  -  L 

qpNaZ 

where  a  is  the  film  thickness  and  L  the  gate 
length,  equal  to  the  electrode  spacing,  we 
obtain 


M  = 


2IDL, 

qNa7 


(3) 


where  Cr  =  *  *  ZL  Is 
G  o  r— 


the  gate  capacitance. 
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By  Measuring  Cq  as  a  function  of  Vq  and 
coupling  the  obtained  values  with  measured 
values  of  gm  for  corresponding  Vq  values,  the 
mobility  of  the  carriers  In  the  channel  In¬ 
crement  aw  can  be  determined. 

The  device  used  for  these  measurements 
were  Si-MESFET  transistors  with  L=0.05  mm 
and  Z=2  mn  which  gives  reasonable  values  of 

CG‘ 

Comparison  with  other  methods  of  character¬ 
izing  SOS,  such  as  by  optical  methods  (4]  and 
by  the  spreading  resistance  technique  (5]  have 
also  been  made.  Also,  the  change  in  trans¬ 
conductance,  g„,  when  MESFET's  were  exposed 

■107  m 

to  Cs  and  electron  accelerator  radiation 
(2  MeV)  up  to  10  Mrad  has  been  studied.  Our 
results  thus  far  show  a  decrease  In  9m  of 
15-35*  for  3  measured  transistors. 

Other  work  describe  silicon  MESFET 
circuits  withstanding  radiation  doses  up  to 
100  Mrad  [6].  This  indicates  a  radiation 
hardness  approximately  100  times  higher  than 
for  MOS-devIces  why  CMES-structures  would  be 
useful  in  high-radiation  environment 
applications  such  as  satellite,  accelerator 
and  nuclear  safety  systems.  Also,  the  low 
power  consumption  suggests  the  use  of  CMES- 
technology  for  portable  and  other  systems 
where  very  low  power  consumption  is  important. 
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In  this  paper  we  show  that  the  influence  of  the  drain-source  field  on  the  potential  barrier 
height  is  physically  equivalent  and  can  be  replaced  by  the  reduction  in  channel  doping 
concentration  according  to  the  following  foraula  N*=N-2tsV*DS/qL2  derived  froa  the  2-d 
Poisson  equation.  Thus  the  actual  barrier  height  for  any  drain  bias  Vps  and  channel  length  L 
can  be  easily  calculated  using  the  well-known  1-d  (long-channel)  solutions.  This  simple  but 
general  procedure,  hereafter  called  the  Voltage-Doping  Transformation  (VDT)  has  been  exaained 
with  fairly  good  results  by  comparison  of  the  analytically  calculated  potential  distributions 
with  2-d  numerical  simulation.  An  exemplary  application  of  the  VDT  to  threshold  voltage 
calculations  is  also  shown. 


1.  INTRODUCTION 

The  short-channel  effects  are  one  of  the 
major  constraints  in  VLSI  MGSFETs 
miniaturization.  In  the  case  of  analytical 
modelling  of  short-channel  effects  the  main 
difficulty  lies  in  a  determining  the  potential 
barrier  heights  as  they  are  strongly  affected  by 
two  perpendicular  gate  and  drain  electrical 
fields.  The  2-d  character  of  short-channel 
effects  leads  to  a  tradeoff  between  the 
complexity  of  the  model  on  the  one  hand  and  its 
validity  and  accuracy  on  the  other  hand. 

The  Voltage-Doping  Transformation  (VDT) 
proposed  in  this  paper  consists  in  replacing  the 
influence  of  the  lateral  drain-source  field  by 
the  equivalent  reduction  in  channel  doping 
concentration.  It  will  be  shown  that  the  VDT 
enables  the  models  of  short-channel  effects  to 
be  developed  basing  on  assumptions  of  high 
degrea  of  reality  and  without  any  need  for 
numerical  calculations. 

2.  VOLTAGE-DOPING  TRANSFORMATION 

In  Fig.  1  the  x-axis  is  the  loci  of  the 
minimum  of  potential  distribution  In  the 
y-direction  and  y  is  the  distance  from  the 
source  measured  along  a  given  current  line. 


G 


FIGURE  1 


Domain  of  solution  (dotted  region)  to  the 
Poisson  equation  and  a  schematic  illustration  of 
current  lines. 

In  the  close  vicinity  of  the  x-axis  (dotted 
region  in  Fig.  1)  the  Poisson  equation  can  be 
rewritten  in  its  conventional  form  : 

a2i|i  92i|i  q 

-  +  -  =  —  N  (1) 

dx2  3y2  cs 


As  discussed  in  [1]  and  [2]  through  numerical 


*  T.  Skotnlckl  is  also  a  member  of  the  ITE-CEMI,  Warsaw,  Poland 
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simulation,  a  potential  distribution  along  the 
channel  in  the  short-channel  case  varies 
quadratically  with  the  distance.  Thus  we  assume 
that  : 

v(y)*ay2+by+c  (2) 

Lateral  potential  distribution  v  is  not 
necessarily  required  to  be  equal  to  solution 
t|»(x,y)  to  eqn.  (1).  Only  an  equality  of  second 
derivatives  of  these  two  functions  is  needed  for 
our  purposes.  To  approach  this  requirement  we 
impose  the  following  boundary  conditions  on 
function  v  : 


-  at  the  source  end  v(0)=Vb|+Vgg  (3a) 

-  at  the  drain  end  v(L)3Vb£+Vgg+VQg  (3b) 

-  at  the  virtual  cathode  min[  v(y)  ]=4VC  (3c) 


where  L  is  the  current  line  length  as  shown  in 
Fig.  1.  In  general  L(x)2Lel  and  «"«-el> 
increases  with  x  and  decreases  with  xj. 

Coefficients  a,  b  and  c  can  be  found  directly 
from  eqns  (2)  and  (3),  but  here  only  a  will  be 
of  interest  because  : 


a2*  a2*  v*os 

— -  S  — -  =  2a  =  2  — — 
3y2  dyz  Lz 

where 


(4a) 


V*DS= VDS+Z ( Vbi+VSB_ ♦ vc  > 


*2J  (vbi+vSB'^vc^vDS+',bi+vS8_^vc^  (*b) 

Substitution  of  eqn.  (4)  into  eqn.  (1) 
yields: 


shown,  enables  the  2-d  Poisson  equation  (1)  to 
be  reduced  to  the  1-d  form  given  by  eqn.  (5a). 
Physically  it  means  that  the  influence  of  the 
lateral  drain-source  field  on  the  potential 
barrier  height  is  equivalent  to  and  can  be 
replaced  by  the  reduction  in  doping 
concentration  according  to  eqn.  (5b).  A  negative 
value  of  N*  indicates  that  all  impurity  ions  are 
tied  by  a  drain  field  which  simply  means  that  a 
HOSFET  is  in  the  punch-through  mode. 


3.  THRESHOLD  VOLTAGE  MODEL 

$vc  is  in  fact  the  searched  for  potential 
distribution  (+vc(x)  s  4*(x,ysvirtual  cathode) 
which  appears  to  involve  an  iterative  solution 
to  eqn.  (5a).  Fortunately,  for  Vbb  calculations 
no  iterations  are  necessary.  Because  of  the 
curvature  of  the  current  lines,  as  shown  in  Fig. 
1,  L  increases  rapidly  to  infinity  inside  the 
bulk  region  which  produces  N*  =  N  in  the  bulk, 
irrespective  of  the  V*0S  value  and  consequently 
of  the  +vc  value.  On  the  other  hand,  in  the 
surface  region  it  is  reasonable  to  assume 
L(x)=Lei=const  and  ♦vc=n+Svc  since,  near  the 
surface,  4vc(x)  values  are  close  to  +svc.  In  the 
last  expression  g  is  a  spreading  parameter 
accounting  for  the  transverse  distribution  of 
♦vc(x)  values  and  $svc  =  $vc(0).  $svc  is  known 
and  equal  to  4*,.  where  vPc  is  the  critical  voltage 
needed  for  the  onset  of  strong  inversion 
(usually  4'ca24pB'fVgB).  Thus  we  adopt  here  : 

V*DS=VOS+Z (Vbi+VSB” 1+c) 

( ^bi+VsB-n  +C )  ( Vos+Vbi+Vgg-q i|ic )  (6) 


where 


N*sN 


z‘sv*PS 

4L2 


(5s) 


(5b) 


The  last  equation  is  the  essence  of  the 
Voltage-Doping  Transformation  which,  as  we  have 


which  removes  the  necessity  of  any  iterative 
calculations. 

Kith  the  use  of  V*q§  as  given  by  eqn.  (6)  we 
can  solve  eqn.  (5a)  for  any  arbitrary  N(x) 
doping  profile.  However,  for  the  sake  of 
simplicity,  we  will  focus  our  considerations  on 
the  box  approximated  profiles.  The  Ns  and  X  will 
denote  the  doping  concentration  and  thickness  of 
the  near-surface  box  respectively,  while  Ng  will 
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be  the  bulk  doping  concentration.  Me  also  assuae 
that  there  is  no  bulk  punch-through  which  aeans 
that  N*B«Ng  and  only  the  near-surface  box 
concentration  is  reduced  by  the  lateral  drain- 
source  field  according  to  the  relationship  N*a= 
N#-2c8V*0S/ql2,  where  V*0s  is  given  by  eqn.  (6). 
As  neither  N*B  nor  N*s  depends  on  x,  the 
solution  to  eqn.  (5a)  poses  no  difficulty  and 
results  in  the  quadratic  dependence  of  potential 
vp  on  distance  x. 

In  Fig. 2  the  analytical  solution  for 
potential  *P  is  coapared  with  the  results  of  the 
MINIMOS  [3]  siaulation  perforaed  for  a  set  of 
HOSFETs  with  different  channel  lengths. 


FIGURE  2 


Plots  of  transverse  potential  distributions  for 
iaplanted  HOSFETs  with  different  channel 
lengths.  The  paraaeters  of  the  doping  box 
approximation  are  N8*lElSco"5,Xx0.31pe, 
NoilE15ca  .  The  other  paraaeters  are  as 
follows:  Tox*0.0700pa,  xj*0.72pa,  VFB=-1.023V 
and  q«l. 


It  is  worth  noting  that  the  VOT  accurately 
accounts  for  the  increase  in  depletion  depth 
with  channel  shortening  which,  as  seen  in  Fig. 2, 
can  double  or  even  triple  its  long  channel 
value,  thus  bringing  into  question  the  neglect 
of  thie  effect  aa  is  the  case  for  axaaple  in 


[4].  The  close  aggreeaent  between  the  analytical 
and  the  nuaerical  solutions,  as  seen  in  Fig.  2, 
indicates  the  correctness  of  the  assuaptiens  (2) 
and  the  VOT  itself. 

Having  the  solution  for  the  electrical 
potential  one  eqn  calculate  the  space  charge  Of) 
tied  by  the  gate  field.  Substitution  of  this  Of) 
in  the  well-known  txpresion  for  the  long-channel 
threshold  voltage  yields  : 

-  for  wj£X2  and  N*8>0  : 

vth=vFB++c'vSB+  ‘ —  J^s 
Cox 

2tsv*DS 

<1*c-*o><Ns  -  -Hr>  (7a> 

1LelZ 

-  for  wj>X2  or  N*sSO  : 

q  2*sv*ds  * 

vth=VFB++c‘vSB+  X(N,-Nb - - — — )  ♦  — - 

Cox  qLelZ  Cox 

’  2csV*0S 

J - NB+C-NBX2(NS-NB - - )  (7b) 

q  qLe^ 

where  V*DS  is  given  by  eqn.  (6),  w1=2tst/qN*s 
and  qQS-kTlnO^g/NjjJ/q. 

The  Vth  aodel  constituted  by  eqn.  (7)  shows 
an  approxiaate  linear  dependence  on  Vpj  bias,  an 
approxiaate  inverse-quadratic  dependence  on 
channel  lenght  Le^  and  an  inverse  dependence  on 
oxide  capacitance  Cox  which  is  in  good  agreeaent 
with  what  has  been  found  by  Klaassen  and  de 
Groot  in  [5] . 


4.  RESULTS 

In  Fig.  3  the  threshold  voltage  variation 
with  drain  biases  at  different  bulk  biases  equal 
to  OV  (Fig.  3a)  and  -2V  (Fig.  3b)  is  shown. 

The  calculated  results  closely  agree  with 
Measured  data  taken  on  iaplanted  HOSFETs  with 
different  channel  lengths. 
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5.  CONCLUSIONS 


Thraahold  voltage  veraua  drain  tiaa  at  different 
bulk  biases  a)  Vo«0  V  and  b)  Vn*-2  V. 
Measurements  have  Men  taken  on  implanted 
MOSfETs  with  different  channel  lengths.  The 
paraMters  of  the  doping  box  approxiMtion  are  : 
Ng«1.6E16cm'3,  X«0.29pm,  Nn*4£14cm~3 .  The  other 
paraMters  read  i  Tol(*0.02»(ia,  xi«0.27ym,  VrB* 
-0.706  V  end  n«0.94Z.  J 


The  Voltage-Doping  TransforMtion  haa  Men 
derived  and  ita  validity  haa  been  shown*  The  new 
V^  aodel  proposed  here  has  aiMd  to  show  only 
an  exemplary  application  of  the  VDT.  For  this 
reason  we  have  omitted  such  "secondary”  effects 
as,  for  example ,  the  dependence  of  the  Man 
current  line  length  on  junction  depth  xj  thus 
neglecting  the  V^h  dependence  on  xj.  Examination 
of  the  dependance  of  r|  on  process  and  electrical 
paraMters  would  also  be  required  in  order  to 
avoid  its  fitting.  We  believe  that  this  and 
other  possible  shortcomings  will  be  improved  in 
further  applicetlons  of  the  VDT. 

Nevertheless  the  new  Vy,  model  compares 
favourably  with  measured  data  taken  on  implanted 
short  and  long-channel  HOSFETs.  Consequently, 
the  validity  of  the  VDT  as  well  as  the  new  V^h 
aodel  itself  has  been  confirMd.  The  VDT  is  a 
very  general  tool  and  thereby  is  believed  to  be 
squally  useful  for  Vy,  as  well  as  punch-through 
current  analytical  modelling. 
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The  proposed  model  gives  more  realistic  account  of  the  physics  of  short  channel  behavior 
than  its  predecessors  allowing  fits  to  experimental  data  and  simulated  results  without 
resorting  to  unrealistic  values  for  clearly  defined  parameters.  The  most  distinct  and  new 
feature  of  this  model  is  the  prediction  of  the  onset  of  the  threshold  voltage  reduction  at 
a  critical  range  of  channel  lengths.  The  model  is  formulated  in  terms  of  simple  analytic 
formulae . 


INTRODUCTION 

We  present  a  novel  realistic  model  for 
threshold  voltage,  V.^,  which  for  the  first 
time  gives  a  proper  physical  description  of  the 
mechanism  leading  to  threshold  voltage 
reduction  for  short  channels.  In  particular  and 
in  contrast  to  extant  models  /1,2,3/  this  model 
predicts  a  critical  value  of  channel  length 
below  which  the  short  channel  behavior  comes 
into  effect.  Moreover  this  model  posseses  two 
fit  parameters  with  clear  physical  meaning 
which  allow  to  fit  V^h  as  a  function  of  the 
channel  length  L,  even  for  curves  obtained  by 
20  device  simulation  where  the  subdiffusion 
length,  y  .  junction  depth  x.  and  the 

SUD ,  J  , 

effective  channel  doping  neff>  are 

unambiguously  defined.  As  all  of  its 
predecessors  this  model  is  rooted  in  Yau's 
charge  sharing  model  /l/.  However,  despite  the 
simplicity  of  the  charge  sharing  idea  the 
models  hitherto  ran  into  conceptual 
inconsistencies  when  attempting  to  incorporate 
the  charge  sharing  idea  into  a  sensible  model 
to  predict  threshold  voltage.  Clearly 
adhering  to  the  principle  of  the  weakest  point 
in  the  hose  -  for  sufficiently  long  channels 
V.^  must  stay  fixed  rather  than  to  approach 
"long  channel  V^h"  asymptotically  /2/. 


MODEL 

The  basic  idea  of  the  present  model  is 
illustrated  in  Fig.l.  Consider  first  the 
depletion  zones  generated  by  the  gate 
electrode,  source  or  drain  region  separately. 
Superposing  the  three  pieces  in  purely 
geometrical  way  to  form  a  MOSFET  structure,  we 
obtain  overlaps  of  the  depldtion  zones  at  the 
source  and  drain  sides  (Fig. la).  This  geometric 
construction,  however,  is  in  conflict  with  the 
Poisson's  equation,  since  the  charge  in  the 
overlap  region  is  insufficient  to  terminate  the 
field  lines  originating  from  source/drain  and 
gate  charges.  Somehow  additional  charges  have 
to  be  provided  to  restore  the  overall  charge 
neutrality.  Assuming  for  convenience  a  uniform 
channel  doping,  exactly  the  same  area  of  the 
overlap  has  to  be  supplemented  beyond  the 
boundaries  of  the  depletion  zone  shown  in 
Fig. la.  As  a  first  order  geometric 
approximation  this  area  is  supposed  to  be 
distributed  over  the  area  of  a  triangle  as 
shown  in  Fig. lb.  If  the  channel  doping  is 
nonuniform,  the  two  pertinent  areas  are  not 
equal,  in  general,  and  a  scaling  factor  0  syd 
has  to  be  introduced  to  account  for  the  channel 
nonuniformity.  Of  course,  more  sophisticated 
geometries  may  be  employed  to  approach  more 
accurately  the  actual  shape  of  the  effective 
depletion  zone. 


547 


FIGURE  la 

Geometric  overlap  of  the  depletion  generated  by 
the  gate,  source  and  drain  independently  from 
one  another. 


FIGURE  lb 


For  the  shaded  areas  it  holds:  Fg  _  CtgFg  and 
Fq  =  a  qFq  For  uniform  channel  doping  (Xg  =  1  = 

a 

0. 


A  simple  construction  of  the  geometry  Fq  (a 
triangle  )  is  demonstrated  in  Fig. 2.  The  given 
quantities  are  x  j ,  ychani  and  yp,  the  latter 
two  depending  on  drain  Vp  and  substrate  Vgut) 
bias  in  the  well-known  manner.  One  calculates 
then 

xD  =  ((x.2+  2xjyD)1/2-xj)*P  , 

xo0  =  xj+yo-xD  3  VXD,  8=(xo0'ychan)- 
S  “  +  ychan2)1/2,ychan), 

P  *  (rD/(1+(lychen/xoO)2)1/2,  ,  1/? 

tychan/xooV(1+*ychan/xoD)  >  >• 

and  Fd  =  l/2*(ychan(r02+ychanZ)1/2  ♦ 

+  rQ  arcsin(ychan/r0))-xo0*ychan 

Finally  the  lateral  coordinate  t  of  the 
point  T=(t,ychan)  is  determined  such  that  the 
area  Fp  of  the  triangle  PST  is  equal  to  FpCXp. 
The  above  construction  applies  to  both,  source 
and  drain  side.  Now:  as  long  as  the  triangles 
from  both  channel  ends  do  not  overlap,  VTh 
remains  unaltered .  If  they  do  overlap  for 
sufficiently  short  channels  the  threshold 
voltage  will  be  reduced.  In  determining  its 
reduction  we  follow  the  usual  procedure, 


calculating  the  charges,  Qcorr.  in  regions 
where  the  triangle  overlap  over  the  range 
L  <2Ln  Ln  being  the  Debey  length. 

Next,  we  subtract  this  charge  from  the 
space  charge  supplied  by  the  gate  electrode 
according  to  eq.l  : 

8eff  =  q  neff  ychan  W  Lover  "  8corr  ^ 

The  threshold  voltage  is  then  given  by 

VTh  =  UFB  +2kT/q*ln(neff/ni)  + 

+  doxQeff/<£oxWW-  (2) 

A  more  detailed  account  of  this  model  and 
its  refined  versions  will  be  given  elsewhere 
/4/. 

In  this  model  the  reduction  of  the  lateral 
thickness  of  the  space  charge  region  due  to  the 
curvature  of  the  source/drain  pn  junctions  are 
considered  by  the  formula  given  above  for  Xp.To 
achieve  a  better  adjustment  to  the  actual 
overlap  of  the  space  charge  regions  a  fit 
parameter  (3  has  been  introduced  .  A  second  fit 
parameter  y  determines  the  flatness  of  the 
triangles  approximating  the  actual  geometry  of 
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FIGURE  2 


Schematic  diagram  for  the  construction  of  the 
triangle  PST. 


the  depletion  zone.  The  flatter  the  triangle 
the  larger  its  lateral  extent.  Therefore  this 
parameter  determines  the  critical  channel 
length  at  which  tne  short  channel  effects  start 
to  be  effective.  It  was  found  that  a  proper 
adjustment  of  both  parameters  and  the 
nonuniformity  scaling  factor  allow  to  fit 
experimental  or  simulated  curves  using 
realistic  or  actual  values  for  ,  x^- ,  and 
neff*  The  formulae  of  the  <»°del  are  lengthy  but 
sufficiently  simple  to  be  used  in  such  programs 
as  SPICE. 

APPLICATIONS 

The  model  describes  correctly  the 
dependence  of  the  threshold  voltage  as  a 
function  of  the  channel  length  for  a  variety  of 
parameters  such  as  Vg,  V^,  x ^ ,  ne^,  and 
oxide  thickness  dQx  In  Fig. 3  as  an  example 
typical  curves  are  shown  for  different  drain 
and  substrate  biases. 

We  like  also  to  mention  that  this  model 
based  on  the  concept  expounded  in  Fig.l  and  2 
can  be  hybridized  with  specific  approaches 


discussed  in  the  vast  literature  on  threshold 
voltage  models  including  the  narrow  width 
effects. 


FIGURE  3 

Typical  curves  of  the  threshold  voltage  as  a 
function  of  the  channel  length.  Note  that  for 
sufficiently  large  L  the  curves  remain  flat. 
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Abstract 

In  this  paper  we  propose  a  sensitivity-analysis  technique  for  device  design.  By  this  method, 
we  determine  the  linearised  variations  of  the  device  terminal  characteristics  following  some 
change  either  in  the  impurity  distribution,  or  in  device  geometry,  such  as  channel  length 
and  oxide  thickness.  This  technique  has  been  implemented  in  our  general-purpose  two- 
dimensional  device-analysis  program  (HFIELDS)  and  proved  to  be  very  efficient,  as  only 
the  assembly  of  the  RHS  and  one  back-substitution  is  required  in  order  to  achieve  the  final 
result.  It  is  believed  that  the  present  method  can  be  profitably  used  for  both  deterministic 
and  statistic a/  device  design. 


1.  Introduction 

As  device  miniaturization  progresses  towards  sub¬ 
micron  feature  sizes,  fabrication  tolerances  cannot  be 
made  to  scale  in  direct  proportion  with  the  device  phys¬ 
ical  dimensions.  As  a  consequence,  circuit  designers 
must  live  with  an  increased  spread  in  device  terminal 
characteristics  which,  if  not  properly  accounted  for,  can 
lead  to  design  marginality  and  to  a  significant  degrada¬ 
tion  of  the  fabrication  yield  [lj.  Two  typical  examples 
are  i)  the  lightly-doped  drain  extensions  (LDD),  which 
help  reducing  the  lateral  electric  field  at  the  drain  end 
of  the  channel  but,  at  the  same  time,  inevitably  intro¬ 
duce  an  increased  parasitic  series  resistance  which  ad¬ 
versely  affects  the  device  transconductance,  and  ii)  the 
increase  in  the  substrate  impurity  concentration,  which 
improves  the  device  performance  from  the  standpoint 
of  short-channel  effects,  but  leads  to  an  increased  para¬ 
sitic  junction  capacitance  and  to  a  more  severe  thresh¬ 
old  sensitivity  to  substrate  potential. 

Due  to  the  insufficient  accuracy  of  analytical  mod¬ 
els  as  predictive  tools  of  device  performance,  numerical 
device-analysis  programs  are  currently  being  used  for 
device  design  and  optimisation.  These  programs,  how¬ 
ever,  require  large  CPU  resources  in  'dew  of  the  inher¬ 
ent  nonlinearity  of  the  fundamental  device  equations, 
and  to  the  large  number  of  grid  point  necessary  for  an 
adequate  device  description  in  two  and  three  dimen¬ 
sions.  Hence,  repeated  simulation  of  the  device  under 
investigation  for  a  variety  of  geometry  and  impurity 
profiles  is  an  expensive  and  time-consuming  task. 

In  order  to  alleviate  the  above  problem,  we  have 
developed  a  steady-state  sensitivity  analysis  technique 
which  provides  the  linearized  variations  of  the  device 
terminal  characteristics  following  some  change  in  de¬ 
vice  geometry  and/or  impurity  profiles.  As  sensitivity 


computation  relies  on  linearisation  of  the  fundamental 
semiconductor  equations,  the  overhead  of  a  sensitivity 
analysis  superimposed  on  the  simulation  of  the  nominal 
device  is  negligible  and,  in  our  belief,  can  be  of  great 
help  to  the  device  designer  both  for  design  centering 
purposes  and  in  order  to  assess  the  possible  spread  of 
the  resulting  electrical  characteristics. 

2.  Sensitivity  Analysis 

The  starting  point  for  the  sensitivity  analysis  is  the 
solution  of  the  fundamental  semiconductor  equations  in 
steady  state 

divD  =  q(p-n  +  Nd  -  Na)  (2.1, a) 

div  Jn  =  q(R  —  G)  (2.1,  b) 

divj  ,  =  -q(R-G)  (2.1, c) 

representing  Poisson  equation  (2.1, a)  and  carrier  con¬ 
tinuity  equations  for  electrons  (2.1, b)  and  holes  (2.1, c). 
The  latter  are  supplemented  by  the  constitutive  equa¬ 
tions 

D  =  - 1,  grad  ip  (2.2,  a) 

Jn  =  -qp«n  grad  <p  +  qDn  grad  n  (2.2,  b) 

JP  =  -qpppgyadip  -  qDp grad p  (2.2, c) 

where  the  symbols  in  eqs.  (2.1),  (2.2)  have  the  custom¬ 
ary  meaning  of  semiconductor  theory.  The  solution  of 
the  equations  in  two  dimensions  is  carried  out  in  pro¬ 
gram  HFIELDS  ( Hybrid  Finite  ELement  Device  Sim¬ 
ulator),  on  a  triangular  grid,  by  means  of  the  so-called 
Box  Integration  Method  [2].  The  discretization  of  the 
continuity  equations  is  carried  out  by  means  of  a  two- 
dimensional  generalisation  of  the  Gummel-Scharfetter 
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method.  The  assembly  of  the  coefficient  matrix  is  done 
on  a  triangle-by-tri&ngle  basis,  which  allows  for  a  gen¬ 
eral  and  simple  management  of  interfaces  and  bound¬ 
ary  conditions.  The  procedure  transforms  eqs.  (2.1) 
into  the  following  set  of  non-linear  algebraic  systems 

V  ^  (<Pi  -  <pj)  +  gOi  (m  -  pi  -  Ni)  =  0  (2.3, a) 
i*i  aii 


p  =  p(o^  +  Sp  (2.6,c) 

such  that  eqs.  (2.4)  are  again  fulfilled.  Differentiating 
these  equations  leads  to  the  system 
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where  Bij  —  (uj— Uj)/(exp(uy— u,-)  — 1)  is  the  Bernoulli 
function  (v  =  qip/kT  being  the  normalised  potential), 
and  suffix  »  indicates  the  t'f*  node  of  the  grid.  The 
sums  are  extended  over  all  the  nearest  neighbours  j  of 
node  i. 

It  is  important  to  notice  that,  in  eqs.  (2.3),  the 
geometrical  factors  are  the  box  area  fi,-  and  the  ra¬ 
tio  Aij  -  dij/sij,  where  Sjy  is  the  length  of  the  ele¬ 
ment  side  Sii  connecting  nodes  t  and  j,  and  d,y  is  the 
cross-section,  i.e.  the  distance  of  the  circumcenter  of 
the  triangular  element  from  S(J.  Eqs.  (2.3)  also  con¬ 
tain  the  nodal  values  of  the  donor  and  acceptor  impu¬ 
rity  concentrations  Np,  Na,  which  appear  explicitly  in 
eq.  (2. 3, a),  and  implicitly  in  eq.  (2.3, b),  (2.3, c)  via  the 
carrier  mobility.  Thus,  after  dropping  the  indices,  we 
may  rewrite  eqs.  (2.3)  as 

Fp(v>^P'iND,NA,n,A)  =0  (2.4, a) 


where  the  coefficient  matrix  at  the  LHS  is  the  jacobian 
matrix  of  the  F  functions.  It  should  be  noticed  that, 
in  order  to  solve  eqs.  (2.4)  in  the  nominal  conditions,  a 
Newton-Raphson  method  is  used,  this  requiring  the  as¬ 
sembly  and  factorization  of  the  jacobian  matrix.  Thus, 
the  overhead  associated  with  the  sensitivity  analysis  is 
simply  given  by  the  assembly  of  the  RHS  and  a  back 
substitution,  requiring  very  little  additional  effort. 

We  now  assume  that,  due  to  process  parameter 
changes,  the  geometry  of  the  device  under  investiga¬ 
tion  is  somewhat  modified.  Therefore,  the  grid  points 
will  have  to  move  in  order  to  accomodate  the  above 
geometrical  changes  and  to  conform  to  the  new  device 


geometry.  Thus  we  have 

H 

II 
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H 

(2-8,  a) 

Vi  =  i4o)  +  %  • 

(2.8,  b) 

Fn(p,n,p;ND,NA,n,A)  =0  (2.4,  b) 

FP(<P,n,p;ND,NA,n,A)  =0  (2.4, c) 

If  the  grid  contains  Ne  nodes  and  N,  element  sides  (ex¬ 
cluding  those  pertaining  to  ohmic  contacts)  <p,n,p ,  No , 
Na  and  fl  are  !Vc-dimenaionaI  vectors,  while  A  is  an 
^-dimensions!  vector. 

We  now  assume  that,  due  to  some  change  in  the 
process  parameters,  the  nominal  values  of  the  donor 
and  acceptor  densities  and  are  modified  by 
a  small  amount,  i.e. 

ffp^N^  +  SNo  (2.5,  a) 

Na  =  N^+SNa  (2.5,  b) 

As  a  consequence,  the  electric  potential  and  carrier 
concentrations  will  experience  a  small  change 

<P  =  +  Sp  (2.6,  a) 

n  =  n(,)  -f  Sn  (2.6,  b) 


It  is  quite  obvious  that  the  choice  of  6*<  and  Syi  is  not 
unique.  However,  we  stress  that  such  a  choice  is  not 
critical  as  far  as  the  integral  physical  quantities,  such 
as  terminal  currents,  are  concerned.  From  a  practical 
standpoint,  we  draw  two  vertical  or  horizontal  straight 
lines  crossing  the  device  cross-section,  and  we  stretch 
or  compress  uniformly  by  a  predefined  amount  the  por¬ 
tion  of  the  device  lying  between  those  two  lines.  The 
grid  points  are  therefore  moved  horizontally  or  verti¬ 
cally  in  direct  proportion  to  their  distance  from  one 
of  the  two  lines.  Of  course,  one  of  the  portions  of  the 
device  tying  outside  the  stretched  or  compressed  band 
will  have  to  be  shifted  uniformly. 

The  change  in  coordinate  values  will  modify  the 
geometrical  parameters  fl<  and  Aij  as  follows 
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The  electric  potential  and  the  carrier  concentration  will 
then  undergo  some  changes  Sp,  S n  and  Sp  such  that 
eqs,  (2.4)  are  again  fulfilled.  Thus  we  find  the  following 
set  of  linear  equations 


and  once  again  the  coefficient  matrix  on  the  LHS  is  the 
jacobian  matrix  of  the  F  functions,  which  is  already 
available  and  factorized.  Therefore,  as  for  the  previous 
case,  sensitivity  analysis  following  changes  in  device 
geometry  only  requires  the  assembly  of  the  RHS  and 
one  back  substitution. 

Having  determined  the  incremental  quantities  Sp, 
Sn  and  Sp,  the  terminal  currents  are  found  by  a  straight¬ 
forward  differentiation  of  the  current  densities  at  the 
contacts. 

S.  Numerical  Results 

In  order  to  test  the  sensitivity  analysis  performed 
by  HFIELDS,  a  MOSFET  has  been  simulated.  The  lat¬ 
ter  was  a  rather  typical  1.0  pm  device,  having  an  oxide 
thickness  of  20  nm.  The  channel  implant  has  been  de¬ 
signed  so  as  to  set  the  threshold  voltage  at  0.7  V,  result¬ 
ing  in  a  peak  impurity  concentration  N0  =  1.6  x  1017 
cm-8  and  in  a  standard  deviation  a  =  0.076 pm.  The 
nominal  tum-on  characteristic  is  illustrated  in  fig.  1 
by  the  thick  line  labelled  N0  —  1.6  x  1017.  The  peak 
impurity  concentration  was  then  raised  by  30%  to  the 
value  of  2.08  x  1017  cm-8,  leading  to  the  linear  ap¬ 
proximation  represented  by  the  thin  line,  and  to  the 
exact  non-linear  solution  represented  by  the  thick  line 
labelled  2.08  x  1017.  The  exact  and  the  linearized  solu¬ 
tions  exibit  a  reasonable  agreeement  above  threshold, 
where  they  are  nearly  parallel  and  slightly  displaced. 
One  can  observe  that,  as  a  consequence  of  the  increased 
implantation  dose,  the  threshold  voltage  is  substan¬ 
tially  increased,  and  the  gain  factor  is  appreciably  re¬ 
duced.  The  latter  effect  is  due  to  mobility  degradation, 
which  occurs  as  a  consequence  of  the  increased  average 
inversion-layer  field  for  a  given  gate  voltage.  The  Ya- 
maguchi  model  (3]  employed  in  this  simulation  fully 
accounts  for  the  above  effect. 

The  linearised  solution  exibits  a  dip  in  the  sub¬ 
threshold  region  due  to  the  exponential  dependence  of 
drain  current  vs  threshold  voltage  (and  therefore  im¬ 
plantation  dose).  As  the  voltage  shift  is  several  tenths 
of  a  volt  and  the  current  derivative  is  negative  and 


large,  the  incremented  current  turns  out  to  be  nega¬ 
tive.  Thus,  some  care  must  be  used  when  interpret¬ 
ing  linearised  results  in  rapidly-varying  regions,  unless 
apprepriately-small  increments  are  considered. 

A  similar  procedure  was  followed  for  investigating 
the  effect  of  the  channel  length.  Fig.  2  shows  the  nom¬ 
inal  turn-on  characteristic,  labelled  L  =  1.0  pm,  and 
the  corresponding  curves  obtained  with  a  30%  increase 
of  the  channel  length.  Once  again,  the  exact  and  the 
linearized  result,  while  slightly  differing  from  a  quanti¬ 
tative  point  of  view,  exhibit  the  same  general  behavior. 
The  most  important  effect  of  a  channel-length  variation 
is  a  change  in  the  device  gun  factor  and  transconduc¬ 
tance,  and  a  small  increase  in  threshold  voltage  related 
to  the  short-channel  effect. 

Finally,  we  have  investigated  the  effect  of  the  oxide 
thickness  on  the  MOSFET  turn-on  characteristics.  As 
shown  in  fig.  3,  the  nominal  oxide  thickness  of  20  nm 
has  been  raised  by  30%,  leading  to  the  linear  approx¬ 
imation  (thin  solid  line)  and  to  the  exact  non-linear 
solution  (thick  solid  line)  labelled  tox  =  0.026  pm.  As 
is  well  known,  the  oxide  thickness  affects  at  the  same 
time  the  threshold  voltage  and  the  gain  factor:  hence 
the  turn-on  characteristic  is  shifted  towards  higher  gate 
voltages,  and  exhibits  a  reduced  slope  in  strong  inver¬ 
sion.  The  discrepancy  between  the  linear  approxima¬ 
tion  and  the  exact  result  is  a  consequence  of  the  non- 
linarity  of  the  current  expression  against  oxide  thick¬ 
ness.  A  final  remark  regards  the  dip  of  the  linearized 
solution:  once  again  this  can  be  traced  back  to  the  ex¬ 
ponential  dependence  of  the  subthreshold  current  upon 
threshold  voltage  which,  in  turn,  is  linearly  affected  by 
the  oxide  thickness.  As  already  mentioned,  the  valid¬ 
ity  range  of  a  linearized  solution  is  considerably  smaller 
when  the  quantity  of  interest  is  a  strong  function  of  the 
parameter  under  investigation. 

4.  Conclusions 

In  this  paper  we  have  discussed  a  sensitivity  anal¬ 
ysis  technique  implemented  in  our  general-purpose  de¬ 
vice  simulator.  By  performing  a  straightforward  differ¬ 
entiation  of  the  fundamental  semiconductor  equations, 
we  can  determine  the  sensitivity  of  the  device  to  ei¬ 
ther  geometrical  changes,  such  as  channel  length  and 
oxide  thickness  in  MOSFET’s,  or  to  impurity-profile 
changes. 

In  order  to  exploit  the  full  advantages  of  this  tech¬ 
nique,  an  integrated  process  and  device  analysis  system 
ought  to  be  used.  The  former  should  provide,  in  ad¬ 
dition  to  the  nominal  geometry  and  impurity  profiles, 
the  predicted  changes  of  the  device  physical  structure 
following  a  variation  in  some  process  parameter.  The 
latter  should  instead  use  such  information  to  predict 
the  final  device  sensitivity  to  the  investigated  process 
parameter.  It  should  be  mentioned  that,  being  a  pro- 


c ess  simulator  intrinsically  time  dependent,  a  transient 
sensitivity  analysis  would  be  required  there.  Such  a 
transient  sensitivity  computation  has  already  been  im¬ 
plemented  in  a  circuit  simulator  [4]  using  the  direct 
differentiation  approach,  and  could,  in  principle,  be  ex¬ 
tended  to  process  simulators. 

The  main  advantages  of  such  a  technique  are  that 
one  can  combine  the  accuracy  of  numerical  process 
and  device  simulators  (as  opposed  to  analytical  ones) 
with  the  computational  efficiency  required  when  a  large 
number  of  process  parameters  are  to  be  investigated. 
The  additional  burden  associated  with  sensitivity  anal¬ 
ysis  on  top  of  device  simulation  is  only  given  by  the  as¬ 
sembly  of  the  RHS  and  one  back  substitution  of  the  fac¬ 
torized  matrix.  Thus  the  proposed  technique  is  highly 
efficient  and  allows  for  a  large  number  of  process  pa¬ 
rameters  to  be  investigated  for  each  data  point  of  the 
nominal  dc  characteristic. 
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Fig.  1:  Plot  of  the  MOSFET  turn-on  characteristic  in  the 
nominal  cum  where  the  peak  impurity  concentra¬ 
tion  of  the  channel  implant  was  N,  =  IS  x  10lT 
cm-*.  The  thin  and  thick  lines  labelled  N,  = 
2.08  x  101T  cm-*  represent  the  linearised  and  the 
exact  solutions,  respectively,  corresponding  to  an 
increase  of  the  above  parameter  by  30%. 


va»(v) 

Fig.  2:  Plot  of  the  MOSFET  turn-on  characteristic  in  the 
nominal  caaa  where  the  net  channel  length  was 
L  =  1.0/un.  The  thin  and  thick  lines  labelled 
L  »  1.3/un  represent  the  linearised  and  the  ex¬ 
act  solutiona,  reapectively,  corresponding  to  an  in- 
ersass  of  the  above  parameter  by  30%. 


Fig.  3:  Plot  of  the  MOSFET  turn-on  characteristic  In  the 
nominal  case  where  the  aside  thickness  was  if,  = 
30  am.  The  thin  and  thick  lines  labelled  t„  m  26 
am  represent  the  linearised  and  the  exact  solu¬ 
tion,  respectively,  corresponding  to  an  increase 
of  the  above  parameter  by  30%. 
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In  this  paper  we  deal  with  the  effect  of  silicon  interstitials  on  metal  precipitates.  We  show  that 
excess  silicon  interstitials  which  are  injected  by  common  gettering  treatments  cause  most  metal 
precipitates  to  shrink  but  a  few  to  grow.  Data  from  the  literature  confirms  that  the  precipitates 
which  grow  by  the  absorption  of  silicon  interstitials  (primarily  FeS^  and  NiSi?)  are  found  ex¬ 
clusively  in  regions  that  act  as  net  injectors  of  silicon  interstitials.  Other  precipitates  shrink  in 
the  presence  of  excess  silicon  interstitials  and  are  easily  gettered.  This  explains  why  silicon 
interstitial  injection  is  essential  for  effective  gettering. 


Introduction 

In  earlier  papersjl,  2]  we  analyzed  the  gettering 
of  gold  in  silicon  and  reached  the  conclusion  that  se¬ 
veral  common  gettering  processes,  including  mechan¬ 
ical  damage,  argon  implantation,  high  concentration 
phosphorus  diffusion,  and  oxygen  precipitation  served 
as  sources  of  silicon  interstitials.  Schematically,  the 
role  of  silicon  interstitials  in  the  gettering  of  gold  is 
illustrated  in  Figure  1.  The  important  facts  for  gold 
are  first  that  most  gold  is  substitutional  in  silicon  as 
opposed  to  being  interstitial,  i.e.  »  Qj_  Addi¬ 

tionally,  the  diffusion  of  gold  is  much  faster  as  an 
interstitial  atom,  i.e.  D£  »  D£.  For  gold  to  diffuse 
it  must  be  driven  from  its  normal  substitional  site 
which  occurs  via  the  kick-out  reaction 

Thus  we  see  in  Figure  1,  silicon  interstitials  diffuse 
from  the  backsurface  getter  into  the  wafer.  Near  the 
backsurface,  where  the  concentration  of  silicon 
interstitials  is  large,  gold  has  been  driven  interstitial 
and  then  rapidly  gettered.  Away  from  the  backseriace 

the  gold  remains  immobile.  As  the  silicon  interstitials 
diffuse  through  the  wafer,  the  profile  of  gettering  gold 


exactly  follows  their  movement.  This  behavior  is  ex¬ 
pected  and  seen  for  all  metals  that  have  substantial 
substitutional  concentrations,  namely  gold  and 
platinum[3,  4]. 

Other  metals  which  have  little  or  no  substitutional 
components  snch  as  copper,  iron,  and  nickel  would  not 
depend  on  this  mechanism  for  effective  gettering. 
Based  on  the  diffusion  coefficients  for  interstitial 
metals  in  Figure  2,  one  would  expect  that  metals  could 
diffuse  through  a  wafer  in  minutes  even  at  temper¬ 
atures  as  low  as  600 “C.  Yet  experimentally,  it  is 


Figure  1.  Schematic  Representation  of  the 
Gettering  of  Gold. 
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found  that  gettering  treatments  that  do  not  inject 
silicon  interstitials,  such  as  polysilicon  are  ineffective 
getters  at  low  temperatures[5],  which  is  surprising 
since  the  most  common  contaminants  found  in  a  proc¬ 
essed  silicon  wafer  are  iron,  copper,  and  nickel[6].  In 
this  paper  we  propose  that  silicon  interstitials  are  im¬ 
portant  for  gettering  the  precipitates  of  these  common 
metals.  We  will  review  the  literature  to  present  evi¬ 
dence  that  the  most  common  device  degradation  is  due 
to  metal  precipitates  and  then  develop  a  theory  to  ex¬ 
plain  the  role  of  silicon  interstitials  in  the  gettering  of 
metal  precipitates.  It  will  be  seen  that  the  theory  ex¬ 
plains  which  metal  precipitates  can  be  gettered  and 
which  can  not  and  that  it  agrees  with  microscopic  evi¬ 
dence  of  metal  precipitate  crystalline  structure. 

Effect  of  Metal  Precipitates  on  Devices 

As  early  as  1960,  Goetzberger  and  Shockley[7]  re¬ 
cognized  that  metal  precipitates  play  an  important  role 
in  determining  the  breakdown  and  leakage  character¬ 
istics  of  junction  diodes.  Devices  intentionally  con¬ 
taminated  with  copper,  iron,  or  manganese  exhibit 
“soft”  breakdown  characteristics.  Typically,  the  re¬ 
verse  leakage  current  has  the  form 

Im<r.  V1  n-3  to  7 

They  attributed  this  behavior  to  the  presence  of  metal 
precipitates. 

More  recently,  Busta  and  Waggener[8]  using  di¬ 
odes  and  Lin  et.  al.[9]  looking  at  breakdown  in  thin 
oxides  confirmed  these  findings.  For  samples  con¬ 
taminated  with  copper,  iron,  nickel,  tin,  or  zinc  the 
degradation  in  device  performance  was  due  almost 
entirely  to  metal  precipitates.  Diodes  exhibited  soft 
leakage  currents  and  capacitors  showed  breakdown  a 
local  hot  spots  associated  with  metal  precipitates. 
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Figure  2.  Diffusion  Coefficients  of  Interstitial 
Metals. 

Effect  of  Silicon  Interstitials  on  Metal 
Precipitates 

There  has  been  considerable  study  of  the  micro¬ 
structure  of  metal  precipitates  in  silicon,  most  notably 
the  work  of  Das[10]  on  copper  and  Vanderwalker[ll] 
on  nickel.  The  important  conclusion  of  these  studies 
was  that  when  these  metals  precipitate  they  form 
metal  silicides  with  CuSi  being  the  only  phase  ob¬ 
served  for  copper,  while  nickel  precipitated  out  as 
ffiiSi,  NiSi,  and  NiySi  depending  on  the  temperature 
of  anneal.  The  question  of  how  the  injection  of  silicon 
interstitials  will  affect  these  precipitates  can  be  an¬ 
swered  by  considering  the  volumetric  density  of  the 
precipitates  compared  to  the  silicon  lattice.  If  a  metal 

precipitate  displaces  more  silicon  atoms  than  it  con¬ 
sumes  (is  a  net  injector  of  silicon  interstitials),  intro- 
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dudng  silicon  interstitials  from  a  lettering  region  will 
tend  to  inhibit  precipitation  and  dissolve  existing  pre¬ 
cipitates.  In  more  rigorous  form,  the  interaction  be¬ 
tween  the  silicon  lattice,  interstitial  metal, 
precipitated  metal,  and  silicon  interstitials  can  be 
written 

Sikatic*  +  Afj m  **  +  r  Sift 

with 


where  is  the  density  of  silicon  atoms  in  the  silicon 
lattice  and  is  the  density  of  silicon  atoms  in  the 
metal  precipitate.  By  balancing  the  gain  in  energy  by 
removing  an  interstitial  metal  atom  from  the  silicon 
matrix  with  the  interfacial  energy  cost  of  enlarging  a 
metal  precipitate,  one  can  define  a  critical  radius  for  a 
metal  precipitate  such  that  for  r>rat,  a  precipitate 
can  grow,  but  for  r  <  rc„  it  shrinks. 


with  a  the  interfacial  energy  of  the  metal  precipitate. 
When  r  >  0,  the  injection  of  silicon  interstitials  will 
increase  ,  thereby  causing  more  of  the  precipitates 
to  shrink.  When 

the  silicide  precipitate  must  shrink,  because  the  critical 
radius  goes  to  infinity  at  this  point.  Since  r  is  defined 
in  terms  of  the  volume  densities  of  silicon  and  the 
metal  silicides,  it  can  be  determined  from  literature 


Material 

(atoms  of  Si/cm*) 

r 

CuSi 

2.14  x  10“ 

1.34 

FejSi 

2.21  x  10“ 

0.75 

FeSi 

4.42  x  10“ 

1.13 

FeSi2 

5.32  x  10“ 

-0.12 

NijSi 

2.32  x  10“ 

0.72 

Ni2Si 

3.06  x  10“ 

0.82 

NiSi 

4.11  x  10“ 

1.22 

NiSij 

5.08  x  10“ 

-0.03 

Table  1  :  Volumetric  Densities  and  T  factors  for 
Common  Metal  Precipitates 

data  which  silicide  precipitates  can  and  cannot  be 
made  to  shrink.  Data  for  Cu,  Fe, ,  and  J Vi  is  shown  in 
Table  1  with  the  Cu  data  from  Das[10]  and  the  rest 
from  Murarka[12]. 

It  is  immediately  apparent  that  most  of  the  silicides 
have  T  >0  so  that,  in  the  presence  of  excess  silicon 
interstitials,  precipitated  metal  silicides  should  dis¬ 
solve.  There  are  exceptions.  Specifically, 
FeSij,  and  NiS^  have  T  <  0.  As  they  grow  they  tend 
to  absorb  silicon  interstitials.  As  a  result,  an  excess 
of  silicon  interstitials  will  make  these  phases  grow. 
Both  iron  and  nickel  do  decorate  stacking  faults  and, 
therefore,  there  is  concern  over  the  gettering  of  FeSiz 
and  NiSii-  If  either  of  these  silicides  decorates  stack¬ 
ing  faults,  they  cannot  be  gettered  by  silicon 
interstitial  injection.  Fortunately,  NiSij  does  not  ap¬ 
pear  to  be  one  of  the  phases  that  ordinarily  decorates 
stacking  faults[ll].  Interestingly  enough,  in  regions 
where  the  concentration  of  silicon  interstitials  is  high 
(for  example  near  an  oxygen  precipitate),  nickel  does 
precipitate  out  as  NiSij.  Ourmazd  and  Schrftter 
[13,  14].  studied  the  gettering  of  nickel  to  a  heavily 
doped  phosphorus  layer  at  900C  and  to  oxygen  pre¬ 
cipitates  during  a  7S2C  anneal.  In  both,  the  gettered 
nickel  precipitated  out  and  formed  separate  regions  of 
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nickel  silicide  and,  with  TEM,  the  phase  of  the  nickel 
silicide  was  identified  as  NiSij  for  both.  They  also 
studied  the  gettering  of  iron  to  heavily  doped 
phosphorus  layers  and  found  that  iron  precipitated  out 
as  FeSij.  Similar  behavior  was  seen  by  Cullis  and 
Katz[15]  looking  at  iron  precipitation  in  boron  dif¬ 
fused  junctions.  This  result  implies  that  boron  dif¬ 
fusion  acts  as  a  source  of  silicon  interstitials,  which  has 
been  independently  proposed  by  Morehead  and 
Lever[16]  to  explain  the  small  tail  observed  in  boron 
diffusion.  These  are  the  only  reports  of  FeSii  as  a 
stable  phase  in  silicon  at  any  temperature.  It  seems 
clear  that  excess  silicon  interstitials  are  causing  these 
phases  to  preferentially  grow.  Thus  we  see  that  the 
concept  of  gettering  by  silicon  interstitials  provides  a 
useful  framework  for  understanding  the  gettering  of 
metal  precipitates.  For  most  metal  silicide  precipi¬ 
tates,  an  excess  of  silicon  interstitials  will  help  to  dis¬ 
solve  the  precipitate.  There  are  a  few  silicides  that  do 
not  shrink  under  silicon  interstitial  injection.  For  iron 
and  nickel,  these  forms  of  the  silicide  were  found  to 
precipitate  out  in  the  gettering  regions. 

Conclusions 

In  this  paper  the  role  of  silicon  interstitials  in  the 
gettering  of  metal  precipitates  has  been  discussed.  It 
was  seen  that  for  the  most  common  metallic  contam¬ 
inants,  namely  copper,  iron,  and  nickel,  an  excess  of 
silicon  interstitials  causes  most  precipitates  of  these 
metals  to  dissolve  and  thus  aids  in  their  gettering.  The 
few  metal  precipitates  that  grow  larger  in  the  presence 
of  excess  silicon  interstitials  are  found  only  in 

gettering  region  which  are  injecting  excess  silicon 
interstitials.  It  is  clear  that  an  effective  gettering 
technique  must  inject  silicon  interstitials.  Argon  im¬ 
plantation,  oxygen  precipitation,  mechanical  damage, 
and  phosphorus  diffusion  all  serve  as  sources  of  silicon 


interstitial*  and  thus  should  be  effective  in  gettering 
metal  precipitates. 
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DEEP  STATES  IN  RAPID  ANNEALED  SILICON 
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P.O.  Box  88,  Manchester  M60  1QD.  England 

Deep  state  measurements  have  been  made  on  n  and  p-type  silicon  grown  by  Czochralski  and 
float-zone  techniques.  Major  changes  are  observed  when  unimplanted  slices  are  annealed. 
There  are  differences  between  lamp  and  electron  beam  annealing  and  between  float -zone  and 
Czochralski  material.  The  deep  states  created  in  unimplanted  layers  are  present  in  low 
concentrations  and  are  associated  with  vacancy  complexes.  - 


1  INTRODUCTION 

In  principle  rapid  thermal  annealing  is  an 
attractive  technology  for  producing  shallow 
junctions  and  ultra  small  devices.  The  initial 
practical  problems  encountered  (extended 
defects  and  enhanced  diffusion)  are  beginning 
to  be  understood  and  expectations  are  that  these 
difficulties  will  be  overcome  in  the  near 
future. 

However,  the  third  major  problem  has 
received  rather  less  attention.  When  ion 
implanted  material  is  subjected  to  rapid  thermal 
annealing  (RTA)  a  high  concentration  of 
electrically  active  point  defects  is  left  behind. 
This  can  have  quite  dramatic  effects  on  the 
device  performance.  An  obvious  manifestation 
is  the  increase  in  leakage  currents  at  junctions, 
but  perhaps  most  significant  is  a  dramatic 
decrease  in  both  the  generation  and 
recombination  lifetimes  of  the  material. 

Only  a  few  previous  publications  on  this 
subject  exist  and  most  results  have  been  on 
boron  doped  Czochralski  material  [1-3].  In  this 
paper  we  examine  the  effects  of  RTA  on  as 
grown  material  i.e.  without  implantation.  We 
also  draw  a  comparison  between  float -zone  and 
Czochralski  and  between  scanning  electron 
beam  annealing  and  much  longer  anneals  using 


incoherent  light.  Detailed  results  on  n-type 
slices  are  reported  in  this  paper.  In  addition, 
our  p-type  results  are  compared  with  previous 
publications. 

2  EXPERIMENTAL 

The  work  was  done  on  3"  float-zone  and 
4"  Czochralski  silicon  in  the  resistivity  range 
20  -  50  ncm.  The  n-type  material  was 
phosphorus  doped  and  the  p-type  boron  doped. 
The  oxygen  content  in  the  Czochralski  and 
float  zone  material  was  10wcnr3  and  2xl017cnr3 
respectively  (DIN)  and  the  carbon  concentration 
was  below  8xl0l5cm-3.  The  electron  beam  anneal 
system  was  used  to  heat  the  slices  from  i)  the 
front  face  ii)  the  back  face.  Anneal  times  of  1 
and  10  seconds  at  1100°C  were  used.  A  lamp 
system  was  employed  for  longer  annealing  times 
and  data  are  reported  for  100  seconds  at  1100<>C 
anneal.  In  both  cases  the  initial  cool  rate  was 
about  100°C  s*1  but  the  total  cooling  time  in 
the  electron  beam  equipment  was  about  half 
that  in  the  lamp  anneal  system. 

Ohmic  contacts  were  made  on  the  back  side 
of  the  samples  in  both  the  n  and  p-type  cases. 
Schottky  diodes  with  an  area  of  0.5mm2  were 
evaporated  on  the  surface  (aluminium  was  used 
for  the  p-type  and  gold  for  the  n-type). 
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DLTS  measurements  were  done  using  a 
Bio-Rad  Polaron  DL4600  system  and  the 
spectra  were  recorded  at  an  emission  rate  of 
200s-1  with  -3V  reverse  bias  and  a  filling  pulse 
duration  of  2ms. 

3  RESULTS 

Figure  1  shows  a  comparison  of  DLTS  traces 
from  unimplanted  n-type  Czochralski  silicon 
with  and  without  lamp  annealing. 
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FIGURE  1 

Czochralski  n— type  silicon  DLTS  spectra 
recorded  at  emission  rates  200s-’  for  as  grown 
(-)•  Lamp  annealed  (...)  at  U00°C  for  100s 

Electron  traps  with  activation  energies  of 
0.14eV  and  0.3eV  were  detected  in  the 
iiTumiwmied  material  at  concentrations  in  the 
range  10“  to  l(Pcm-3.  These  electron  traps  are 
commonly  seen  in  Czochralski  silicon.  When 
the  slice  is  subjected  to  a  lamp  anneal  both 
these  traps  are  reduced  in  concentration  by  at 
least  an  order  of  magnitude  and  a  new  state  is 
apparent  with  an  activation  energy  of  0.28eV 
arid  a  concentration  of  ~  10ucm  ~?  Although 
this  state  has  a  peak  temperature  at  en  =  200s-1 
similar  to  the  0.14eV  state,  it  is  distinctly 
different  -  not  only  in  its  activation  energy  but 
also  in  its  directly  measured  cross-sections. 


The  0.28eV  state  has  similar  characteristics  to  a 
very  commonly  observed  defect  first  reported 
by  Yau  and  Sah  [4].  It  is  associated  with  a 
vacancy  complex,  but  no  definitive  assignment 
of  its  physical  structure  has  been  achieved. 

The  most  significant  point  to  emerge  from 
these  measurements  is  that  there  is  a  dramatic 
change  in  the  deep  level  population,  resulting 
from  the  lamp  annealing  cycle. 

If  the  same  unimplanted  material  is  annealed 
using  electron  beam  techniques  rather  different 
results  are  observed;  these  are  summarised  in 
Figure  2.  In  all  cases  the  anneals  are  at  the 
same  temperature  as  the  lamp  system  (1100°C) 
and  it  can  be  seen  that  the  0.14  and  0.3eV 
states  present  in  the  starting  material  have  been 
removed  whatever  anneal  mode  has  been  used. 
However,  new  states  have  been  created  and 
these  depend  on  the  details  of  the  anneal 
process.  The  longest  back -face  electron  beam 
anneal  (10s)  creates  a  0.26eV  state  very  similar 
to  the  vacancy  related  defect  observed  in  lamp 
annealed  material.  It  should  be  noted  that 
although  the  activation  energies  are  not 
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FIGURE  2 

Czochralski  n-type  silicon  DLTS  results  for  as 
grown  (-).  Electron  beam  annealed  at  1100°C 
for  Is,  back  face  (...).  Electron  beam  annealed 
at  1100°C  for  10s,  back  face  (-  -  -).  Electron 
beam  annealed  at  1100°C  for  Is,  surface  ( - ) 
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identical,  it  is  known  from  previous  work  that 
this  state  has  a  spread  of  emission  characteristics 
possibly  representing  minor  variants  of  the 
complex.  The  shorter  anneal  times  (~  Is)  do 
not  produce  this  state,  presumably  because  of 
the  time  needed  to  generate  the  complex  in  the 
measured  region  (~  1  pm  from  the  surface). 
However,  in  all  the  electron  beam  anneal  cases 
a  state  with  an  activation  energy  of  0.43eV  is 
generated,  its  concentration  varying  as  shown. 

This  state  has  characteristics  identical  with 
those  ascribed  to  a  vacancy -phosphorous 
associate  while  the  state  at  0.17eV  is  a 
vacancy-oxygen  complex  [5-6].  A  recent 
paper  by  Song  et  al  [7]  expresses  the  view  that 
the  long  standing  assignment  of  the  0.43eV  state 
as  the  vacancy-phosphorus  pair  is  somewhat 
simplistic.  The  basis  for  this  is  that  they  have 
observed  defect  reaction  occurring  at  low 
temperature  (<30°C)  under  specific  bias 
conditions  which  convert  the  0.43eV  state  into 
other  defects  with  very  different  emission 
properties.  These  reactions  are  reversible. 
Although  we  have  observed  similar  multistable 
complexes  and,  in  addition,  metastable 
configurations  of  defects  in  silicon  [8]  these  do 
not  occur  in  these  samples.  Indeed  we  observe 
multistability  and  metastability  to  be  common  in 
annealed  silicon  which  has  been  damaged  by 
implantation  or  irradiation  but  not  in  normal  as 
grown  material  subjected  to  RTA.  It  is  our 
belief  that  the  reason  for  this  is  the  relatively 
small  concentration  of  defects  present  in  as 
grown  material.  Both  the  0.43  and  the  0.17eV 
states  are  commonly  observed  in  electron 
irradiated  silicon,  but  anneal  out  at  low 
temperatures  (<300°C)  when  using  conventional 
furnace  treatment.  Their  presence  and  that  of 
the  other  state  at  0.28eV  in  the  lamp  annealed 
material  is  conclusive  evidence  of  vacancy 
reactions  occurring  during  the  anneal  period  and 
the  cool-down  cycle.  Work  is  now  in  progress 
to  study  the  reaction  pathways  in  detail  but  it  is 
evident  that  the  anneal  time  is  a  critical 
parameter. 


In  the  case  of  the  float-zone  material,  the 
initial  population  of  deep  states  is  completely 
different  to  the  Czochralski  slices.  This  is 
shown  in  Figure  3.  The  state  observed  in  the 
highest  concentration  (0J>6eV)  has  an  emission 
characteristic  which  cannot  be  associated  with  a 
specific  defect  as  it  coincides  with  that  observed 
for  a  range  of  chemical  species  and  intrinsic 
states  [9]. 


FIGURE  3 

Float  zone  n-type  silicon  DLTS  spectra  for  as 
own  (-).  Lamp  annealed  at  UOO°C  for  100s 
•) 

The  other  deep  levels  have  not  been  linked 
to  previously  published  results.  After  RTA  all 
these  states  disappear  and  the  0.28eV  vacancy 
complex,  seen  in  the  annealed  Czochralski 
material,  is  present  in  a  concentration  of 
~  10 12  cm  ~3  (an  order  higher  than  in  the 
Czochralski  material).  There  was  no  evidence 
of  the  vacancy-oxygen  complex  at  0.17eV  seen 
in  the  Czochralski  material.  This  was  perhaps 
predictable  because  of  the  much  lower  oxygen 
concentration  in  the  float  zone  material. 

In  the  case  of  p-type  layers,  our  results  are 
not  as  consistent  as  those  obtained  using  n-type 
slices.  However,  in  general  they  are  similar  to 
those  of  Barbier  et  al  [3].  He  observes  the 
annhilation  of  all  deep  states  for  lamp  anneals 
longer  than  20s. 
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But  in  our  case,  a  hole  trap  with  an 
activation  energy  of  0.4SeV  is  present  after  a 
100s  lamp  anneal  in  a  concentration  in  the  range 
The  emission  characteristics  for 
holes  are  described  by: 

ftp  as  7.17  x  106  T3  exp  (-  0.45/kT) 

This  same  state  is  observed  by  Barbier  in  quite 
high  concentrations  (up  to  10M  cm*3)  for  anneals 
of  a  few  seconds  at  1000°C.  Borenstein  [2] 
links  a  similar  state  to  interstitial  iron. 

4  CONCLUSIONS 

In  annealed  material  which  has  not  been 
implanted  perhaps  the  most  important  feature  to 
note  is  that  the  deep  state  concentrations  are 
low,  in  most  cases  lower  than  the  as  grown 
slices.  Indeed  Shockley-Hall-Read  calculations 
indicate  that  it  is  unlikely  that  the  defect 
population  produced  by  the  lamp  anneals  could 
have  any  significant  device  implications  either  in 
MOS  or  bipolar  technology. 

However,  this  must  be  regarded  as  a 
tentative  conclusion  as  additional  measurements 
need  to  be  made  on  the  minority  carrier 
capture  cross-section  of  some  of  the  states 
before  a  definitive  pronouncement  can  be  made 
on  the  effect  they  may  have  on  the  low  level 
recombination  lifetime.  It  is  obvious  from 
these  results  that  the  defect  reaction  occurring 
during  RTA  involve  vacancies,  the  shallow 
dopant  species  and  inadvertent  impurities  in  the 
crystal. 

In  the  case  of  implanted  material,  the 
concentration  of  intrinsic  defects  in  the  early 
stages  of  annealing  is  vastly  greater.  Bearing  in 
mind  the  origin  of  the  electrically  active  deep 
states  observed  in  this  work,  it  is  not  surprising 
that  the  deep  level  concentrations  detected  in 
material  which  has  been  ion-implanted  and 
rapid  annealed  are  several  orders  higher  than  in 
the  slices  measured  here.  It  is  for  this  reason 
that  they  are  of  such  importance  in  devices. 


Preliminary  work  indicates  that  there  are 
marked  similarities  in  the  defect  reactions 
occurring  in  unimplanted  and  implanted  material 
during  rapid  thermal  annealing,  although  the 
higher  concentration  of  defects  in  implanted 
layers  seem  to  allow  the  formation  of  a  number 
of  alternative  configurations  of  defects  related 
to  those  observed  here. 
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This  paper  reports  deep  state  measurements  on  boron  doped  Czochralski  silicon. 
A  comparison  is  made  between  four  gettering  technologies  after  the  slices  have 
been  subjected  to  oxidation  cycles  in  steam  at  1100  °C  for  two  hours.  An 
analysis  of  the  results  is  made  using  a  diffusion  model  of  gettering. 


1  INTRODUCTION 

An  important  part  of  device  fabrication  is 
the  use  of  gettering  regions  remote  from  the 
active  junctions.  These  regions  accumulate 
unwanted  impurities  introduced  during 
processing.  In  most  systematic  studies  of 
impurity  distribution  after  gettering  slices  have 
been  contaminated  with  easily  detectable 
impurities,  such  as  gold,  and  the  reduction  in 
their  concentration  observed  after  appropriate 
heat  treatment.  The  introduction  of  high 
concentrations  of  an  impurity  is  necessary 
because  existing  chemical  techniques  of  analysis 
are  not  sufficiently  sensitive  to  study  inadvertent 
impurities  (i.e.  those  impurities  introduced 
during  processing  or  already  present  accidentally 
in  the  slice).  There  are  two  major  problems 
with  the  contamination  approach,  firstly  that  the 
gettering  mechanisms  may  be  concentration 
dependent  and  secondly  that  the  effect  on  the 
intentionally  introduced  impurity  may  be 
significantly  different  to  that  on  those  species 
present  inadvertently.  In  either  case,  the  results 
will  not  be  representative  of  normal  processing. 
An  alternative  but  less  systematic  approach  has 
been  to  fabricate  devices  using  different 
gettering  techniques.  Here  the  hold  time  of 
MOS  capacitors  or  the  gain  of  a  bipolar 


transistor  has  often  been  used  as  a  measure  of 
the  gettering  efficiency.  The  fundamental 
disadvantage  of  this  experimental  method  is  that 
many  other  factors  can  also  affect  the  measured 
parameters. 

2  EXPERIMENTAL 

In  the  work  reported  here  we  have  studied 
heat  treated  slices  gettered  in  different  ways 
and  compared  them  with  the  starting  material. 
The  slices  were  (100)  and  (111)  Czochralski 
silicon  boron  doped  with  resistivities  in  the 
range  5  -  20  n  cm.  The  oxygen  content  was 
~1018cm-3  with  carbon  <1016cm-3.  One  group 
of  wafers  had  the  back  surface  damaged 
mechanically  by  abrasion  with  12  /un  particles 
(MD).  Another  group  was  laser  scanned  on 
the  back  face  using  a  12  watt  niobium-YAG 
laser  which  produced  «p.-*ts  of  damage  20  #un 
in  diameter  and  40  tan  apart  (LD).  The  third 
group  was  phosphorus  diffused  (PD)  and  the 
fourth  group  is  referred  to  as  enhanced  gettered 
(EG).  The  measurements  on  the  EG  slices 
have  been  undertaken  in  the  surface  layer 
denuded  of  oxygen  which  in  this  case  was 
15  )jm  thick.  The  EG  slices  had  been  heat 
treated  to  precipitate  oxygen  in  the  bulk  of  the 
crystal  and  a  polycrystalline  layer  deposited  on 
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the  back  face.  All  the  slices  were  oxidised  in 
steam  at  1100  °C  for  two  hours  and  then  the 
front  face  oxide  removed.  This  was  repeated  up 
to  four  times.  After  each  oxidation  samples 
were  extracted  and  the  oxide  removed. 
Schottky  barriers  were  then  evaporated  onto  the 
front  surface,  except  for  the  phosphorus 
gettered  case  where  the  phosphorus  diffused 
region  was  etched  off  before  the  barriers  were 
evaporated.  Deep  Level  Transient  Spectroscopy 
(DLTS)  measurements  were  made  on  all  the 
layers.  Some  slices  were  processed  to  produce 
MOS  capacitors  with  an  80  nm  gate  oxide 
grown  at  1000°C  followed  by  an  anneal  cycle. 
These  were  then  used  for  generation  lifetime 
measurements  using  the  Zerbst  technique.  A 
disc  was  cut  from  each  slice  and  thinned  to 
examine  the  backface  using  transmission 
electron  miscroscopy  (TEM).  The  number  and 
size  of  dislocations  and  stacking  faults  were 
measured  in  order  to  compare  the  gettering 
sites  in  the  samples.  Measurements  were  also 
made  of  the  front  face  etch  pit  density  using  a 
Sirtl  etch  for  4min. 

3  RESULTS 

Two  majority  carrier  traps  were  observed  in 
all  the  samples  in  concentrations  in  the  range 
10u-10iscm-3.  The  hole  emission  characteristics 
of  these  states  are  described  by: 

ep=8. 7x10s  T2  exp(-0.376/kT) 
and: 

ep=4.9xl(P  T2  exp(-0.428/kT) 

The  directly  measured  hole  capture  sections 
of  these  states  is  ~10-*9cm2  with  a  much  larger 
electron  cross  section  (~10-|5cm2).  Estimates  of 
the  recombination  generation  rate  via  the 
centres  using  Schockley-Hall-Read  kinetics 
indicate  that  both  states  could  degrade  the  low 
level  minority  carrier  lifetime  in  p-type 
material  in  the  detected  concentration  and  that 
the  0.43eV  state  could  be  a  significant 
generation  centre  likely  to  affect  the 
performance  of  MOS  devices.  However,  no 
positive  identification  of  the  impurity  or  defect 


species  responsible  for  the  deep  states  has  been 
made  although  the  behaviour  is  suggestive  of 
complexes  associated  with  the  3d  transition 
metals. 

Figure  1  reports  the  concentrations  of  the 
two  deep  states  after  three  oxidation  cycles  in 
slices  using  the  different  gettering  technologies. 
The  control  is  the  starting  material.  It  is 
apparent  that  there  ore  very  dramatic 
differences  between  the  efficiences  of  the 
various  gettering  techniques.  Also,  rather 
interestingly,  the  effectiveness  of  a  particular 
gettering  method  can  be  very  different  for  each 
of  the  two  traps  studied.  For  both  traps  the 
phosphorus  diffusion  is  the  most  effective,  the 
next  best  being  enhanced  gettering.  It  must, 
however,  be  remembered  that  the  mechanical 
damage  technique  and  the  laser  damage  method 
are  entirely  back  face  processes.  The  enhanced 
gettering  method  is  a  mixture  of  back  face  and 
bulk  gettering  while  phosphorus  diffusion 
gettering  actually  takes  place  within  a  few 
microns  of  the  active  region.  Even  apart 

from  this  complication,  the  comparison  is  not 
straightforward  essentially  because  the  gettering 
efficiency  changes  with  the  number  of  oxidation 
cycles.  This  is  shown  in  the  laser  damage  case 
in  Figure  2. 
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FIGURE  1 

The  concentration  of  the  0.38  and  0.43eV  deep 
states  after  three  oxidation  cycles  in  slices  using 
different  gettering  techniques. 
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It  is  interesting  to  note  that  the  enhanced 
gettered  material  has  over  a  hundred  tim^« 
more  gettering  sites  than  the  merh»nir»i 
damaged  layers.  One  might  reasonably  expect 
the  longevity  of  the  enhanced  gettered  slices  to 
be  considerably  greater  than  those  mechanically 
damaged  or  laser  damaged  and,  indeed,  this  is 
observed  to  be  die  case. 

TABLE  1 

Back  Face  Defects  After  Three  Oxidations 


FIGURE  2 

The  concentration  of  the  two  deep  states  in 
material  with  back  face  laser  damage  after  one, 
two  and  three  heat  treatment  cycles  at  1100°C 
for  two  hours  in  steam 

It  can  be  seen  that  the  0.38eV  state  is 
consistently  reduced  in  concentration.  However 
the  0.43eV  level  reduces  initially  and  then 
increases.  It  appears  that  the  higher 
concentration  state'  is  not  only  present  in  the 
starting  material,  but  is  also  being  introduced 
during  processing.  The  heat  treatments  took 
place  in  normal  production  line  furnaces  and 
there  is  no  reason  to  believe  they  were 
particularly  contaminated.  The  gettering  process 
for  this  state  in  laser  damaged  material 
undergoes  a  saturation  whereas  it  does  not  for 
the  lower  concentration  state  at  0.38eV.  This 
observation  has  very  significant  implications  in 
elucidating  a  gettering  mechanism. 

Saturation  does  not  occur  in  the  case  of 
phosphorus  diffusion  gettering  and  is  not 
particularly  significant  in  the  enhanced  gettered 
material. 

The  TEM  measurements  give  some 
indication  of  the  number  of  gettering  sites 
available  on  the  back  face.  Table  1  compares 
the  number  of  defects  observed  after  three 
oxidations.  In  this  case  they  were  made  up 
entirely  of  stacking  faults,  the  dislocation 
density  was  insignificant.  The  last  column 
which  indicates  the  total  gettering  length 
density,  provides  a  good  comparative  figure. 


Type  of 

Gettering 

Size 

ft m 

Density 

cm"* 

Total  Gettering 
Length  Density 
ca/cm5 ( cm“ J ) 

MD 

19 

3x10* 

5.7x10* 

LD 

26 

8x10* 

2. 1x10 7 

EC 

0.4 

2x10’* 

8  xlO* 

However,  it  is  important  to  appreciate  that 
the  number  of  defects  available  changes  very 
significantly  with  the  number  of  oxidation 
cycles.  Table  2  gives  an  indication  of  these 
changes  in  laser  damaged  material.  It  can  be 
seen  that  both  the  size  and  density  of  the 
defects  changes  and  the  net  effect  is  to  increase 
the  number  of  gettering  sites  between  the  first 
and  third  oxidations  by  an  order  of  magnitude. 
They  then  start  to  reduce.  This  provides  a 
qualitative  explanation  of  the  saturation 
observed  for  the  higher  concentration  trap  in 
Figure  2. 

TABLE  2 

Back  Face  Defects  in  Laser  Damaged  Material 


No.  of  Stacking  Faults  Total 

Oxidations  Size  Density  Gettering 


fua 

cm"* 

Length 

cm/cm*(cm' 

1 

10 

2x10* 

2.1x10* 

2 

23 

2x10* 

4.6x10* 

3 

26 

8x10* 

2.  IxlO7 

4 

30 

2x10* 

6.3x10* 
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Numerous  models  of  gettering  have  been 
proposed  in  the  literature.  Vengurlekar  |1J  has 
derived  a  relatively  simple  but  convincing 
relationship  for  the  residual  concentration  of 
impurities  in  a  getter ed  layer  based  on  the 
diffusion  of  the  contaminent  species  to  a  region 
of  defined  thickness.  Using  this  model  for  the 
0.38eV  trap  we  have  one  variable  parameter, 
the  diffusivity  in  the  gettered  layer.  To  fit  our 
results  the  diffusivity  must  be  in  the  range 
10~7  to  10 -fan}-1  a  value  which  is  reasonably 
sensible  for  transition  metal  diffusion. 

However,  if  we  analyse  the  enhanced 
gettered  material  perhaps  the  most  interesting 
point  to  emerge  is  that  after  the  first  oxidation 
cycle  the  gettering  takes  place  almost 
exclusively  in  the  poly-silicon  layer.  If  we 
assume  that  the  dominant  mechanism  is  intrinsic 
gettering  via  the  oxygen  precipitates  then  we 
require  the  diffusivity  for  the  species  which 
diffused  at  lO-’cmV1  in  the  MD  layer  to  be 
lO-^cmV  in  the  EG  material. 

Consequently,  our  model  of  the  processes 
occurring  in  the  enhanced  gettered  slices  is  that 
during  the  first  oxidation  cycle  the  intrinsic 
precipitates  play  a  significant  role,  but 
subsequently  the  gettering  is  dominated  by  the 
back  face.  This  is  true,  even  though  additional 
precipitates  appear  to  be  formed  during  the 
thermal  cycles  as  judged  from  measuring  the 
interstitial  oxygen  concentration  using  optical 
absorption. 

The  dominant  question,  however,  is  what 
effect  does  this  have  on  the  electrical 
properties.  We  predict  from  the  deep  level 
measurements  that  the  enhanced  gettered 
material  should  be  considerably  better.  Table  3 
lists  the  generation  lifetimes  measured  using  the 
Zerbst  technique. 


TABLE  3 

MOS  lifetime  After  Three  Gettering  Cycle 


Cettering  Generation 

Lifet I me 


None 

0.5-1 .3  fts 

MD 

0.5-1 .5 na 

LD 

0.8-  2/ta 

EG 

2  -  5 its 

There  is  little  doubt  that  among  the  slices 
measured  the  enhanced  gettered  material  is 
vastly  superior.  A  comparision  of  the  etch  pit 
density  on  the  front  surface  supports  this  view. 
The  etch  pit  density  after  four  oxidations  is 
lOVcm2  on  the  mechanically  damaged  wafers, 
where  it  is  less  than  300/cm2  in  the  enhanced 
gettered  material. 

4  CONCLUSIONS 

The  DLTS  measurements  have  shown  that 
there  are  vast  differences  between  the 
effectiveness  of  various  gettering  techniques, 
particularly  in  terms  of  their  longevity.  TEM 
measurements  indicate  that  a  good  reason  to 
explain  this  behaviour  is  simply  that  there  are 
very  large  differences  in  the  number  of 
gettering  sites  available  in  the  different  types  of 
material.  Measurements  of  generation  lifetime 
on  MOS  capacitors  indicate  that  the  deep  level 
measurements  are  a  good  indicator  of  device 
performance  and  confirm  the  view  that 
enhanced  gettering  provides  a  number  of 
advantages  over  traditional  back  faced  damage 
techniques. 
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Simple  process  modifications  are  proposed  to  notably  increase  the  packing  density 
of  a  given  CMOS  technology.  These  include  the  self-alignment  of  source-drain  contacts 
together  with  the  self-aligned  silicidation  of  the  diffusion  regions  and  the  poly¬ 
silicon  lines.  The  required  gate  sealing  makes  use  of  the  sidewall  spacer  technique. 
The  proposed  changes  have  been  incorporated  into  our  conventional  CMOS  technology. 

The  use  of  self-aligned  contacts  and  self-aligned  silicide  allows  to  reduce  the 
circuit  surface  of  a  C‘-M0S  latch  by  a  factor  of  2.4  and  the  gate  delay  of  a  ring 
oscillator  by  a  factor  of  1.6. 


1.  INTRODUCTION 

Structural  improvements  of  conventional 
CMOS  devices  can  provide  a  large  increase  in 
packing  density,  while  keeping  the  same  mini¬ 
mum  dimensions.  This  approach  is  particularly 
attractive  for  gate  lengths  in  the  2  pm 
range  because  it  may  avoid  further  down-scaling, 
which  would  require  specific  efforts  to  over¬ 
come  parasitic  effects  due  to  short  channels 
and  high  electrical  field.  For  submicron  di¬ 
mensions,  resorting  to  self-aligned  techniques 
will  become  essential  since  alignment  toler¬ 
ances  won't  follow  the  size  scaling  any  longer. 

Several  techniques  have  been  proposed  for 
source-drain  contacts  self-alignment  [1  to  5]. 
The  widely  used  principle  is  to  seal  the 
gate  with  an  extra  dielectric  layer  so  that 
the  source-drain  contact  can  be  etched  without 
risking  any  electrical  short  between  the  elec¬ 
trodes,  even  if  the  contact  hole  overlaps 
the  gate.  Gate  sealing  generally  implies  poly- 
silicon  gate  oxidation,  a  process  which 
proves  uns>  table  for  short  devices. 


To  our  knowledge  the  process  proposed  by 
J.  Solo  de  Zaldivar  [4]  is  the  only  one  used 
today  at  an  industrial  production  level  [6]. 

The  purpose  of  this  work  was  to  take  full 
advantage  of  the  structural  improvements 
obtained  by  combining  the  self-aligned  source- 
drain  contacts  with  self-aligned  silicide 
[7],  Special  attention  has  been  paid  to  the 
wiring  of  the  MOSFET  with  its  surrounding 
interconnect  lines,  resulting  in  a  consistent 
and  very  efficient  set  of  layout  rules.  The 
technique  we  propose  only  resorts  to  well 
established  low- temperature  steps,  thus  lending 
itself  to  its  incorporation  into  a  CMOS  VLSI 
process. 

2.  DEVICE  STRUCTURE 

The  MOSFET  structure  we  have  realized  is 
shown  in  fig.  1  and  2.  Source  and  drain  areas 
are  minimized.  Polysilicon  interconnect  lines 
and  diffusion  regions  directly  adjacent  to 
them  can  either  be  connected  to  or  insulated 
from  each  other. 
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The  self-aligned  silicide  layer  is  formed  on 
diffusion  regions  and  polysilicon  lines, 
excluding  the  gate  area.  This  avoids  the  back¬ 
end  process  problems  usually  encountered  in 
standard  salicide  technology  [8].  The  price 
to  pay  for  the  partial  sillcldation  is  obvious¬ 
ly  a  slight  increase  of  the  overall  line 
resistance. 


fTTl  poly-81 

ir— »■  suicided 
*•••1  poly-81 

in  contact 
12SI  area 


I  1  dilfuaion 

r  1 1  alliclded 
diffusion 


FIGURE  1 

Comparison  of  MOSFET  and  interconnect  line 
layout,  a)  conventional  b)  with  self-aligned 
contacts  and  self-aligned  silicide  (inter¬ 
connect  line  connected  to  the  drain). 


Cross  section  of  the  structure  given  in 
fig.  lb. 


The  effectiveness  of  the  resulting  layout 
is  Illustrated  in  fig.  3,  using  a  C2-M0S 
latch  circuit  as  an  example.  The  circuit  sur¬ 
face  has  been  reduced  by  a  factor  of  2.4 
relatively  to  the  conventional  CMOS  process. 


The  circuit  has  been  synthesized  with  an  auto¬ 
matic  program  based  on  the  concept  of  "gate 
matrix"  [9]. 


a) 


b) 


FIGURE  3 

Comparison  of  C2-M0S  latch  circuit 

a)  conventional 

b)  with  self-aligned  contacts 

3.  FABRICATION  PROCESS 

Up  to  polysilicon  layer  deposition  and 
doping  a  standard  2  pm  CMOS  process  is  fol¬ 
lowed.  Self-aligned  source-drain  contacts 
require  both  top  and  side  sealing  of  the  poly- 
silicon  gate.  The  top  insulator  consists  of 
a  300  nm  thick  deposited  Si O2  layer.  The  oxide 
is  patterned  in  two  steps.  First  it  is  removed 
by  wet  etching  in  all  areas  where  surface 
insulation  of  the  polysilicon  layer  is  not 
necessary  (fig.  4a).  This  requires  a  non- 
critical  photolithographic  step,  using  an 
extra  mask.  It  should  be  noted  that  such 
a  supplementary  step  is  characteristic  of 
any  self-aligned  source-drain  contacts  scheme. 
Then  the  polysilicon  lines,  with  their  pat¬ 
terned  top  oxide  layer,  are  defined  by  a 
two-step  reactive  plasma  etch  (fig.  4b). 
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The  use  of  successive  highly  selective  and 
anisotropic  etch  processes  allows  to  cope 
simultaneously  with  the  covered/non  covered 
polysillcon  regions,  leaving  vertical  sidewalls. 
The  lateral  gate  Insulation  makes  use  of  the 
well  established  sidewall  spacer  technology 
[10]  (fig.  4c).  Two  kinds  of  SIO2  spacers  are 
formed,  depending  if  the  polysillcon  line  is 
insulated  or  not  on  the  top.  Their  heights 
are  very  different  (0.48  pm  and  0.25  pm  res¬ 
pectively)  but  their  widths  proves  quite 
similar  (0.20  pm  and  0.22  pm  respectively). 

8IO2  top  Insulation  poly-81 


b>  0— 


8K>2  sldewsll  Insulation 


< 


TI8lg> 


d) 


FIGURE  4 

Process  sequence  to  form  the  gate  insulation 
and  the  self-aligned  siliclde  on  source- 
drain  regions  and  on  polysilicon  lines  (outside 
gate  areas). 

After  p+  and  n+  source-drain  implantation 
and  drive-in,  titanium  siliclde  is  formed  on 
diffusion  regions  and  on  non-covered  poly¬ 
silicon  lines  using  the  sallcide  technique 
(fig.  4d).  For  this  purpose,  a  40  nm  thick 
titanium  layer  is  sputtered  onto  the  wafer. 

The  sillcldation  is  then  accomplished  in 
two  steps,  resorting  to  a  rapid  thermal  proces¬ 
sing  equipement. 


Diffusion  and  polysillcon  sheet  resistances 
are  both  lowered  to  2-4  n/o . 

At  this  point  of  the  process  a  200  nm  thick 
phosphosilicate  glass  layer  is  deposited  and 
conventional  processing  resumes. 

4.  RESULTS 

Fig.  5  shows  a  SEM  cross  section  of  the 
realized  gate  structure  after  contact  window 
opening.  The  gate  encapsulation  has  been 
partly  etched  during  the  later  step  but  its 
thickness  is  still  sufficient  to  leave  the 
gate  to  drain  leakeage  unchanged  (fig.  6). 

The  breakdown  voltage  exceeds  25  V. 


window  edges 


1pm 


FIGURE  5 

SEM  cross  section  of  a  gate  structure  after 
contact  window  etching. 


FIGURE  6 

Typical  gate  to  drain  leakage  characteristic 
(contact  window  overlaps  gate  region). 
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The  capacitance  properties  of  the  self- 
aligned  contacts  MOSFET  differ  from  those  of 
the  conventional  one  In  two  points  :  1)  the 
drain  junction  capacitance  Is  lowered  by  a 
factor  of  ~  2  because  of  the  drain  surface 
reduction,  11)  at  zero  overlap,  the  metal 
contacting  the  drain  significantly  contributes 
to  the  gate-to-draln  capacitance;  but,  due 
to  the  oxide  spacer,  the  usual  gate-to- 
draln  overlap  Is  effectively  reduced  and 
thus  the  measured  capacitance  proves  lower 
than  for  the  conventional  structure  (fig.  7). 


0 1 - .  1  — ■  .■  T - 1 

o  o.e 

GATE-DRAIN  CAPACITANCE  (tF/pm) 


OATE-ORAIN  CAPACITANCE  (IF/jim) 


FIGURE  7 

Single  wafer  gate-to-draln  capacitance  histo¬ 
grams.  a)  conventional  structure  b)  with 
self-aligned  contacts  (zero  nominal  window, 
metal  and  gate  overlap)  c)  like  b)  but  with 
window  and  metal  2  pm  distant  from  the  gate. 


Gate-to-draln  capacitance  at  zero  overlap 
(fig.  7b)  are  quite  scattered;  this  dispersion 
Is  due  to  the  several  photolithographic  steps 
and  etches  Involved. 

The  reverse-biased  drain  characteristics 
of  MOSFETs  with  self-aligned  contacts  are  very 
similar  to  those  of  conventional  ones.  This  Is 
also  the  case  for  most  others  parameters, 
such  as  threshold  voltage,  subthreshold  slope 
and  transconductance  (fig.  8). 


FIGURE  8 

Transconductance  vs.  gate  length  of  MOSFETs 
with  and  without  TISI2. 

21-stage  ring  oscillators  have  been  fabri¬ 
cated  with  the  proposed  process.  The  gate 
delay  per  stage  Is  reduced,  relatively  to  the 
standard  technology,  by  a  factor  of  1.6  from 
0.70  ns  to  0.44  ns  (at  5  V). 
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5.  CONCLUSIONS 

By  exploiting  the  well  established  side- 
wall  spacer  process,  a  self-aligned  source- 
drain  contacts  technique  has  been  developed 
on  a  CMOS  technology.  The  proposed  solution 
further  allows  self-aligned  slllcidatlon  of 
the  diffusion  regions  and  of  the  polysillcon 
lines  outside  gate  areas.  Only  low  tempera¬ 
ture  steps  are  involved. 

Characteristics  of  MOSFETs  with  self- 
aligned  contacts  and  titanium  silicide  have 
been  found  very  similar  to  those  of  conven¬ 
tional  ones.  Use  of  self-aligned  contacts 
lowers  the  drain  junction  capacitance  as  well 
as,  in  our  case,  the  gate-to-drain  capacitance. 
Self-aligned  source-drain  contacts  with  self- 
aligned  silicide  together  provide  a  large 
increase  in  packing  density  and  circuit  speed. 
Moreover  the  resulting  layout  rules  allow 
very  regular  designs,  which  prove  most  con¬ 
venient  for  automatic  layout  generation. 
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1.  INTRODUCTION 

Ti  suicided  CMOS  technology  has  been  extensive¬ 
ly  studied  In  the  last  few  years,  because  sca¬ 
ling  of  device  sizes  towards  submlcronlc  field 
needs  reduction  of  source  and  drain  junction 
depth.  The  Increase  of  junction  sheet  resistan¬ 
ce  can  be  a  problem  for  keeping  optimized  device 
performances  The  main  circuit  applications  con¬ 
cern  poly-Si  gates  [1]  and  si  lidded  junctions 
[2],  The  great  advantages  of  self  aligned  sili- 
cidation  are  the  improvement  of  sheet  resistance 
compared  to  N+  or  p+  layers,  the  possibility  of 
higher  packing  density,  especially  with  the  in¬ 
troduction  of  butted  contacts  and  a  best  irnnuni- 
ty  to  latch-up  [2,3,4].  An  improvement  on  speed 
can  be  expected  for  some  products  as  ROM  and  PLA 
by  drain-source  silicidation  and  for  RAM  by  gate 
silicidation. 

CVD  tungsten  as  first  level  metallization 
was  chosen  for  its  ability  to  meet  some  of  the 
most  severe  requirements  in  submicronic  multi¬ 
level  metallizations  [5].  Its  exellent  confor¬ 
mal  coverage  compared  to  the  problems  associa¬ 
ted  with  physical  vapor  deposition  of  aluminium 
allows  a  complete  filling  of  small  contact  holes. 
Morever  W  CVD  shows  no  hillock  formation  thus 
allowing  far  higher  thermal  treatments  to  achieve 
a  good  planarizing  and  reliable  interlevel  die¬ 
lectric.  Further,  the  electromigration  resis¬ 
tance  of  W  is  much  greater  than  that  of  A1  [5]. 

2.  PROCESS  DESCRIPTION 

Figure  1  shows  the  main  steps  of  the  pro¬ 
cess  flow  used  on  these  experiments.  Starting 
with  both  NMOS  and  PMOS  bulk  silicon  materials, 
a  conventional  LOCOS  and  a  20  nm  gate  oxide  are 
achieved.  After  threshold  adjust  implantations, 
420  nm  of  polysilicon  are  deposited.  Poly  is 
then  doped  from  a  P0  Cl^  source  before  achie¬ 
ving  gate  etching.  Phosphorus  implantation  is 
used  for  self-aligned  LDD  on  NMOS  just  after 


poly  delineation  through  the  remaining  gate  o- 
xlde.  Spacer  technology  is  then  used  for  LDD 
NMOS  control,  PMOS  lateral  diffusion  control  as 
well  as  poly  to  source-drain  Isolation  in  the 
TiSi2  silicidation  process.  350  nm  of  PECVO 
Si02  are  deposited  and  etched  in  an  RIE  reac¬ 
tor  to  get  the  desired  spacer  length.  Prior  to 
n+  and  p+  implantations,  source  and  drain  are 
oxidized  in  order  to  have  an  implantation  mask 
on  poly  and  substrate.  Once  the  implantations 
are  done,  the  structure  Is  furnace  annealed  at 
050°  C  for  activation  and  diffusion  of  dopants. 


Fig.  1  Silicide  and  tungsten  metalli¬ 
zation  main  steps  process. 

i  i  i j-Vf  J 


> 


After  gate  etch,  n-shallow  implant 


Spacer  definition,  source  ft  drain 
oxidation  n  +  ft  p+  implants,  anneal 


Oxide  deglaze,  salicide  process 


BPSG  deposition,  Reflow,  contact  i  .sk  ft  etch. 
Sputtered  W  deposition,  CVD  W  deposition.  Metal 
I  mask  ft  etch. 


etch,  A1S1(1  %)  Cu(0;5%)  deposition,  mital  2 
mask  ft  etch. 


After  stripping  of  thermal  oxide  on  junc¬ 
tions  and  poly  with  BHF  60nm  titanium  are  sputtered 
and  annealed  at  625°C  under  nltogren  amblant  In 
high  flow  purged  furnace.  After  TIN  elimination 
In  perodlxe-sulphurlc  bath,  and  second  heat 
treatment  at  8S0eC  10s- with  rapid  termal  annea¬ 
ling  system  (AET  )  under  Ar  amblant  T1S12 
reaches  2.50/a  on  bare  silicon  wafers  without 
Implants.  Then  BPSG  Is  deposited  and  reflow  Is 

achieved  at  850°C  under  steam  amblant. 

Chemical  vapor  tungsten  deposition  is 
achieved  in  a  hot  wall  reactor  (ANICON)  at  400°C 
and  a  total  pressure  of  0.4  torr,  through  the 
1*2  reduction  of  WFg  (one  step  process)  with  a 
ratio  PH2/PWFg  *  5.  In  these  conditions,  no  uni¬ 
form  and  adherent  W  deposit  can  be  obtained  on 
oxides.  A  "glue"  layer  between  BPSG  and  CUD  W 
is  necessary.  For  obvious  chemical  compatibili¬ 
ty,  a  sputtered  W  layer  is  chosen  and  optimi¬ 
zed  in  terms  of  good  adherence  of  the  sputtered 
and  CVD  W  bi layer  on  BPSG  and  In  terms  of  good 
electrical  contact  with  the  T1$i2  underlayer. 
Therefore  these  requirements  lead  to  the  follo¬ 
wing  sputtering  conditions  :  first  an  in  situ 
back  sputtered  etch  of  TiSi 2>  then  W  deposit  in 
an  Alcatel  PUMA  500  system  at  2000  Watt  under 
an  Argon  ambiant  (P  Ar  *  2.10-2  torr),  the  sub¬ 
strate  Is  maintained  cold  (<  100°C). 

Another  point  of  importance  is  the  pro¬ 
blem  of  titanium  solid  fluorine  species  (TiFj, 
TiF^,)  formation  due  to  the  possible  reaetir 
of  T1Si2  with  WFg  +  H2  and  their  byproducts  [6]. 
150  nm  sputtered  W  is  expected  to  act  as  an 
active  fluorine  gas  diffusion  barrier  in  regards 
to  the  underlayered  TiSI,,.  The  Auger  depth  pro¬ 
file  spectrum  reveals  no  trace  of  fluorine  pre¬ 
sence  at  the  exact  interface  between  sputtered 
W  and  TISIg  (fig.  2).  Moreover  good  adherence 
(scotch  tape  test)  on  full  wafers  is  obtained 
Contrary  to  direct  CVD  W  deposition  on  TISig. 


Recently  Broadbent  [7]  reported  analogous  re¬ 
sults  and  confirmed  the  role  of  sputtered  W  as 
a  diffusion  barrier.  A  sputtered  W  thickness 
of  15  nm  should  be  sufficient  to  prevent  from 
unwanted  WFg  T1  reactions. 

Fig.  2  Auger  profile  of  W/TiSi2  interface 


No  fluorine  peak  is  appearing 


O  ZOO  400  too  BOO 
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At  last  one  interesting  feature  concerns 
the  double  metallization  level  interdielectric 
which  was  obtained  through  whole  uniform  400°C 
PECVD  oxyde  deposits  leading  to  a  minimal 
stress  level  and  better  mechanical  reliability. 
It  can  be  noted  that  for  an  aluminium  alloy 
metallization  severe  limitation  of  temperature 
make  the  intermetal  dielectric  realisation 
difficult  due  to  hillocks  formation.  A1  Si 
(1  %)-  Cu  (0,5  %)  was  deposited  and  delineated 
as  second  level  metallization. 

At  witness  process  is  achieved  in  the  same 
time  with  aluminium  metallizations  (first  le¬ 
vel)  and  poly  gates  for  comparison  with  Ti S i 2 , 

W  technology. 
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3.  TOPOGRAPHIC  RESULTS 

Figure  3  Illustrates  the  tremendous  pla¬ 
narization  effect  of  both  6PSG  (5%  B,  4 i  P)  re¬ 
flowed  at  850  C  and  CVD  W  on  a  periodic  struc¬ 
ture  of  poly  gates. 


frd.  3  .ILLUSTRATION  OF  BPSG  AND  TUNGSTEN 

planarization  effect 

Figure  4  illustrates  the  small  holes  fil¬ 
ling  capacity  of  CVD  W  due  to  an  isotropic 
growth  mechanism.  Ti  S12  is  revealed  in  black 
with  an  HF  chemical  etch.  The  sharp  interface 
between  W  and  Ti  Si2  can  be  noted. 


4.  ELECTRICAL  RESULTS 

a.  Sheet,  contact  and  via  resistances 

Higher  sheet  resistance  value  on  n+ 

(4n/o)  and  p  +  (3.5Q/o)  junctions  than  previous¬ 
ly  observed  on  bare  silicon  results  from  steam 
ambiant  of  reflow  and  has  yet  to  be  optimized. 

Specific  contact  resistivities  are  measu¬ 
red  on  Kelvin  resistor  and  found  to  be  20fi.pm2 
for  Ti  Si?/n  +  and  lOOn.  pm*  for  Ti  Si2/p+.  The¬ 
se  results  are  in  good  agreement  with  others 
previously  reported  [8]. 

Via  resistances  between  W  as  first  metal 
and  AlSiCu  as  second  metal  are  found  to  be 
80  mo  for  1.2  pm  size  vias. 

b.  Active  devices  characteristics 

Table  1  lists  the  different  parameters 
obtained  for  a  transistor  having  an  effective 
length  of  0.8  pm  =  19  pm).  Figure  5 

shows  typical  I-V  characteristics  for  a  drawn 
lengh  of  1.1  pm.  These  characteristics  are  quite 
similar  with  and  without  Ti  Si2-  All  transistors 
parameters  have  the  same  values  than  those  ob¬ 
tained  for  standard  technology  (n+  poly  gate, 

A1  as  first  metal  and  no  silicidation). 

Table  1.  Electrical  parameters  of  n  and  p 
channel  transistors  (Le^f  =  0.8  pm  -  = 

19  pm). 


Threshold  Subthreshold  Breakdown  Mobility 
voltage  (V)  Slope  (mV/dec)  voltage  (V)  (ca*.V-l.s~l) 

NMOS  0.4  90  •  7  530 

PMOS  -  1.1  95  -  10  180 


fl\u 


.  QUA*!  TON/t-^TC/V 
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Fig.  5  :  IQS  versus  VQS  characteristics  on 
si  lidded  PMOS  and  NMOS  transistors.  No  dif¬ 
ference  with  no  silicide  process  transistors. 


> 
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We  have  noted  a  significant  improvement  on 
punch-through  voltage  for  NMOS  device  with  si- 
licidation.  Figure  6  shows  the  evolution  of 
punchthrough  voltage  versus  effective  length 
for  n-channel  transistors  with  and  without 
Ti  Sig-  Punchthrough  voltage  is  defined  as  the 
drain  voltage  associated  with  a  drain  current 
of  lOpA  per  transistor  width  unit  (the  maximum 
value  on  the  curve  is  voluntarily  limited  to 
8V),  the  other  electrodes  being  grounded.  We 
think  that  this  effect  is  due  to  a  better  loca¬ 
tion  of  carriers  injection  in  the  channel  as 
the  junctions  are  silicided.  This  Improvement 
has  not  been  observed  on  p-channel  transistor 
which  is  a  buried  channel  transistor. 

Fig.  6  8VDSS  versus  leff.  Comparison  is 
given  for  silicide  and  no  silicide  prrocess. 


5.  CONCLUSION 


We  have  demonstrated  in  this  paper  that 
a  technology  including  Ti Si 2  sell  aligned  si  1 i - 
cidation  of  junctions  and  n-poly  gates  plus  W 
as  first  level  metallization  can  be  performed 
without  any  electrical  degradation  compared  to 
conventional  technology.  This  process  will  be 
applied  to  a  future  0.8  pm  drawn  CMOS  technolo¬ 
gy- 

The  authors  thank  the  whole  people  of  R  & 
D  team  who  contributed  to  the  study. 
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Abstract.  A  general  and  direct  comparison  of  retrograde  and  conventional  n-well  CMOS 
technologies  is  reported.  The  advantages  of  the  retrograde  structures  in  terms  of 
packing  density,  isolation  and  short  channel  PMOS  characteristics  are  demonstrated. 
The  conventional  wells  offer  slightly  better  circuit  performance  due  to  lower  p  +  to  n-well 
junction  capacitance.  However,  the  major  difference  between  the  well  types  lies  in  their 
latchup  susceptibility;  here  the  retrograde  wells  have  a  significant  advantage  due  to  their 
lower  sheet  resistance  and  greater  tolerance  to  very  thin  p-on-p  +  epitaxial  layers. 


1.  INTRODUCTION 

The  use  of  high  energy  (0.5-1  MeV)  phosphorus 
ion  implantation  to  form  retrograde  n-wells  for  high 
performance  VLSI  CMOS  circuit  fabrication  has  been 
reported  by  a  number  of  authors  [1-4].  The 
advantages  attributed  to  such  wells  include 
improvement  in  short-channel  PMOS  transistor 
characteristics  [2,3],  improved  packing  density  [4]  and 
reduced  latchup  susceptibility  [2].  These  features 
make  retrograde  wells  very  attractive  for  sub-micron 
CMOS  circuit  applications.  However,  in  order  to 
assess  the  usefulness  of  implanted  retrograde  wells 
fully  it  is  also  necessary  to  draw  a  direct  and  general 
comparison  with  conventional  structures.  This  paper 
presents  a  broad  comparison  between  independently 
optimised  retrograde  and  conventional  n-well 
technologies:  the  same  mask  sets  have  been  used  to 
fabricate  devices  and  circuits  in  both  processes,  and 
thus  the  comparison  is  as  direct  as  possible. 

The  lateral  isolation  achievable  in  the  two 
technologies  has  been  reported  elsewhere  [4],  and  is 
not  considered  in  detail  here.  However,  the  combined 
effect  of  lateral  isolation  performance  and  latchup  on 
packing  density  is  discussed.  The  characteristics  of 
active  p-channel  transistors  formed  in  the  two  well 


types  is  also  described,  and  the  implications  for  circuit 
performance  are  demonstrated. 

2.  RETROGRADE  AND  CONVENTIONAL  N-WELLS 

Both  the  retrograde  and  conventional  well 
technologies  used  in  this  work  rely  on  relatively 
straightforward  LOCOS  [5]  isolation.  In  the 
conventional  well  case,  phosphorus  ions  are  implanted 
at  low  energy  (<200keV),  a  thermal  drive  in  is 
performed  and  the  field  oxide  is  grown.  The 
retrograde  wells,  however,  are  formed  after  the  field 
oxidation.  The  phosphorus  ion  implantation  energy 
(0.6-0.8MeV)  is  chosen  such  that  the  peak 
phosphorus  concentration  lies  just  below  the  field 
oxide  -  silicon  interface,  and  only  a  short  activation 
anneal  is  performed  after  the  implant.  In  all  respects 
other  than  the  n-well  formation,  the  two  technologies 
are  very  similar. 

Figure  1  shows  simulated  two  dimensional  doping 
contours  for  the  region  around  an  n-well  edge, 
including  n  +  and  p  +  source  /  drain  diffusions,  for  both 
technology  types.  In  each  case,  the  n-well  depth 
under  active  area  (the  p+  diffusion)  is  just  over  1pm. 
but  the  retrograde  well  is  substantially  shallower  in  the 
field  region. 
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Fig.1  Simulated  two  dimonsional  doping  contours  at  n-wall  adga. 
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(a)  Conventional  n-well.  (b)  Retrograde  n-well. 
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Fig. 2  N  a  to  n-well  breakdown  voltages.  VGS  •  Sv  10  «  lOpA. 


the  underlying  p-substrate,  as  illustrated  in  the  insert, 
as  a  function  of  p  on  p  -f  epitaxial  layer  thickness.  On 
thick  epitaxial  layers  the  punchthrough  voltage  is 
sufficiently  high  that  circuit  operation  is  not  impeded. 
However,  if  the  nominal  (as  grown)  epitaxial  layer 
thickness  is  reduced  to  4pm  or  less,  the  vertical 
breakdown  voltage  falls  below  10  volts.  Vertical 
isolation  thus  sets  a  minimum  value  on  the  epitaxial 
layer  thickness,  and  this  is  important  for  latchup 
immunity. 


3.  EXPERIMENTAL  RESULTS 

3.1.  Lateral  Isolation 

Figure  2  shows  n+  to  n-well  breakdown  voltages 
as  a  function  of  mask  separation.  At  large  spacings, 
avalanche  breakdown  at  the  well-substrate  junction 
dominates,  and  the  higher  doping  levels  in  the 
retrograde  structure  produce  a  lower  breakdown 
voltage.  At  smaller  separations,  however,  lateral 
punchthrough  occurs,  and  here  the  advantage  of  the 
shallower  field  well  depth  achieved  with  retrograde 
structure  is  clear.  The  breakdown  voltage  does  not  fall 
below  10  volts  until  the  nominal  separation  is  well 
below  1pm.  This  corresponds  to  a  minimum  n+  to 
p+  separation  of  less  than  2pm  [4]. 

3.2.  vertical  Isolation 

One  of  the  major  problems  associated  with  the  use 
of  very  shallow  conventional  n-wells  is  that  of  vertical 
isolation  (9,7],  Figure  3  shows  vertical  punchthrough 
voltages  measured  between  a  large  p+  diffusion  and 


Vertical  punchthrough  voltage  (volts) 


Fig.3  Vertical  p  a  to  p-substrate  punchthrough  voltage  in  a 
conventional  n-well.  Some  current «  2fApm-2,  well 
depth  >  1.2pm,  well  doping  ■  3x10'*cm-3. 


Vertical  isolation  in  retrograde  wells  is  much  better, 
even  at  the  same  well  depth,  due  to  the  higher  doping 
levels  that  can  be  achieved  at  the  bottom  of  the  well 
without  raising  the  surface  concentration  sufficiently  to 
affect  active  PMOS  device  characteristics  (figure  1). 
Thus,  thinner  epitaxial  material  can  be  used. 
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3.3.  Latchup 

Figure  4  compares  latchup  holding  currents  for 
retrograde  and  conventional  n-wells.  Data  are  shown 
for  a  range  of  nominal  (as-grown)  epitaxial  layer 
thicknesses;  the  final  thicknesses  are  about  2pm  less 
in  the  conventional  well  case  and  about  1pm  less  with 
the  retrograde  wells,  the  difference  being  due  to  out- 
diffusion  from  the  p  +  substrate  during  the  n-well 
drive-in  required  for  the  conventional  technology. 
With  nominally  4pm  thick  epitaxial  layers,  the 
conventional  wells  give  higher  holding  currents  due  to 
this  effect.  However,  the  highest  holding  currents  of  all 
are  obtained  with  retrograde  wells  and  a  2pm  as- 
grown  epitaxial  layer;  conventional  well  devices  cannot 
be  fabricated  successfully  on  such  material.  The 
retrograde  structures  also  provide  better  latchup 
protection  with  thick  epitaxial  layers  or  bulk  material 
due  to  their  much  lower  n-well  sheet  resistance. 

Holding  currtnt 

1A  r 

- Retrograde  n-wells 

■  Conventional  n-wells 


2pm  epi  4pm  ep> 


n  ♦  to  p  ♦  separation  (pm) 

Fig.4  Latchup  holding  currants  vs  n  ♦  to  p*  saparation. 

Diffusion  width  is  40pm 

3.4.  Packing  density  imitations 

Figure  5  summarises  the  limitations  imposed  on 
packing  density  by  latchup.  lateral  and  vertical 
isolation.  The  boundary  fines  delimiting  the  safe 
operating  regions  are  determined  as  follows.  The 
minimum  n+  to  p  +  separation  is  set  by  lateral 


leakage,  as  discussed  in  section  3.1.  The  minimum 
final  epitaxial  layer  thickness  is  set  by  vertical  isolation 
(section  3.2).  Lateral  and  vertical  breakdown  voltages 
of  at  least  10  volts  are  required.  A  holding  voltage  of 
greater  than  5  volts  is  chosen  as  the  latchup  criterion; 
this  is  determined  by  the  final  epitaxial  layer  thickness 
and  is  almost  independent  of  the  technology  type  [8]. 
It  is  clear  the  retrograde  wells  allow  significantly 
smaller  n+  to  p  +  separations,  and  that  this  is 
primarily  due  to  their  superior  vertical  isolation  since 
this  allows  thinner  epitaxial  material  to  be  used  in  order 
to  maintain  latchup  immunity. 


0  1  2  3  4  5  6  7 

Final  epitaxial  layer  thickness  (pm) 

Fig. 5  Safe  operating  regions  for  conventional  and  retrograde  n- 
well  technologies. 

3.5.  Active  p-channel  device  performance 

in  the  conventional  n-well  technology,  the  surface 
well  doping  is  largely  determined  by  the  need  to 
maintain  vertical  isolation,  and  little  freedom  to 
optimise  the  well  profile  for  PMOS  device  performance 
exists.  With  retrograde  wells,  however,  the  deep,  high 
energy  well  implant  achieves  vertical  isolation  without 
raising  the  surface  doping  significantly.  A  separate 
implant  can  thus  be  added  and  tailored  for  optimum 
p-channel  performance.  This  greater  design  freedom 
means  that  good  small  geometry  PMOS  performance 
is  more  easily  achieved  in  the  retrograde  wells,  as 
illustrated  in  figure  6.  The  extra  margin  against  PMOS 
punchthrough  is  particularly  useful  for  sub-micron 
designs  where  hot  electron  induced  punchthrough  [9] 
becomes  a  major  concern. 
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Breakdown  voltage  (volts) 


Fig.6  PMOS  punchthrough  voltages.  Vgs  ■  Vt  ♦  1  v  Id  m  lOOpA. 


3.6.  Junction  capacitance 

The  higher  doping  levels  in  retrograde  n-wells 
which  give  superior  latchup  immunity  and  vertical 
isolation  in  comparison  to  conventional  structures  also 
increases  p+  to  n-well  junction  capacitance. 
Measured  zero-bias  values  are  about  0.95fF/pm2  and 
0.45fF/ym2  for  the  retrograde  and  conventional  wells 
respectively. 

3.7.  Circuit  performance 

The  main  difference  in  terms  of  circuit  operation 
arises  because  of  the  difference  in  p+  to  n-weil 
junction  capacitance  noted  above.  Figure  7  shows 
simple  ring  oscillator  stage  delay,  while  figure  8  shows 
the  current  consumption  of  a  10  stage  static  shift 
register  as  a  function  of  operating  frequency.  In  both 
cases,  the  conventional  well  circuits  offer  5-10% 
better  performance. 

Stag*  d*fay  (jk) 


Hg.7  Ring  otdNator  stag*  May.  r.O.  ■  1 


Shift  rtgitttr  current  (pA) 


4.  CONCLUSIONS 


The  comparison  reported  here  shows  that 
retrograde  n-wells  have  some  advantage  over 
conventional  structures  in  terms  of  packing  density  due 
to  the  smaller  n  +  to  p  +  separation  which  can  be 
achieved  with  the  shallower  field  region  well  depth. 
The  implanted  structures  also  offer  greater  freedom  to 
optimise  p-channel  doping  profiles,  leading  to  better 
short-channel  PMOS  characteristics.  On  the  other 
hand,  the  conventional  structures  offer  slightly  superior 
circuit  speed  and  power  dissipation  due  to  lower  p  +  to 
n-well  junction  capacitance.  However,  the  main 
difference  between  the  technologies  lies  in  their 
immunity  to  latchup.  Here,  the  retrograde  wells  are 
significantly  better  for  two  reasons,  firstly,  the  n-well 
sheet  resistance  is  lower,  and  secondly  the  vertical 
isolation  is  better,  allowing  thinner  epitaxial  material  to 
be  used. 
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Substrate  amorphization  prior  to  Source/Drain  implantation  is  used  for  shallow 
junction  fabrication.  The  impact  of  preamorphization  on  CMOS  Performance  is 
investigated.  Results  for  a  1.5pm  double  well  CMOS  Technology  with  phosphorus  and 
boron  drains  are  presented.  The  influence  of  preamorphization  on  the  transistor 
characteristics,  speed  and  latch-up  hardness  is  discussed. 


1.  INTRODUCTION 

Amorphization  of  Si  prior  to  B  implantation 
ist  known  to  reduce  the  p*n- junction  depth.  In 
addition,  the  electrical  activation  of  B  is 
improved.  So  far,  investigations  have  focussed  on 
the  characteristics  of  the  resulting  p*n- 
junction. 

In  this  paper,  our  results  of  preamorphized 
p-*-diffusion  regions  are  briefly  summarized.  For 
the  first  time,  also  the  impact  of  preamorphiza¬ 
tion  on  phosphorus  doped  n--diffusion  regions  is 
discussed.  The  main  part  of  the  paper,  however 
deals  with  the  influence  of  the  corresponding 
effects  on  CMOS  device  characteristics.  The 
results  are  based  on  a  1.5pm  double-well  CMOS 
technology  with  B-  and  P-doped  S/D-regions  for  p- 
and  n-channel  devices,  respectively,  but  are  also 
applicable  for  sub-pm  technologies. 

2.  S/D-F0RMATI0N 

Amorphization  of  the  S/D-regions  was  achieved 
by  a  blanket  high  dose  Si  implant  prior  to  S/D- 
implantation.  In  order  to  avoid  recrystallization 
effects  due  to  heating  during  the  Si- 
implantation,  the  substrate  temperature  was  kept 
below  70®C.  P  and  B  implants  of  a  dose  of 
5xl018cm-2  were  used  for  the  formation  of  n--  and 
p--diffusion  regions.  Recrystallization  and 
dopant  activation  were  done  by  a  40  minutes 
anneal  at  900C°. 

Fig.  1+2  characterize  the  effect  of 
preamorphization  on  the  p*-diffusion  regions.  In 
Fig.  1  SIMS-profiles  of  the  p»-diffusion  regions 
with  and  without  preamorphization  are  compared. 
Fig.  2  shows  the  dependence  of  junction  depth  xj 
and  sheet  resistance  Rp+  on  the  depth  Xu  of  the 
amorphous  zone.  Preamorphization  has  three 
effects  on  the  p*-diffusion  regions: 


First,  the  junction  is  considerably  shallower. 
Reasons  are  the  elimination  of  channeling  and  the 


Fig.  1:  SIMS  profile  for  boron  with  and  without 
preamorph i zat i on . 


Fig.  2:  Junction  depth  xJP+  and  sheet  resistance 
RP+  vs.  depth  x»i  of  the  amorphized  zone 
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reduction  of  B  diffusion.  As  can  be  seen  from 
Fig.  2,  xj  depends  strongly  on  xn,  there  is  a 
mininun  around  xsi-200nm.  For  significantly 
smaller  xsi-values.,  channelling  is  no  longer 
suppressed.  For  higher  xsi-values  xj  increases 
probably  because  B  diffusion  is  enhanced  by  the 
increasing  density  of  point  defects. 

Second,  the  activation  of  the  implanted  B  is 
enhanced  in  the  preanorphized  samples  (see  Fig. 
1),  because  there  is  less  B  clustering.  This  in 
turn  reduces  the  sheet  resistance  of  the  p*  S/D- 
regions  (Fig.  2)  and  particularly  increases  the 
electrically  active  surface  concentration. 

Third,  the  amount  and  local  distribution  of 
the  residual  damage  changes.  In  standard  B- 
implanted  p*-regions  there  is  a  high  defect  con¬ 
centration  located  at  the  maximum  of  the  as- 
implanted  B  profile.  With  preamorphization  the 
density  of  damage  is  considerably  reduced.  The 
residual  damage  is  concentrated  around  x*i  (Fig. 
1),  which  is  closer  to  the  pn-junction.  Since 
xsi<xj  in  all  cases  (Fig.  2),  no  impact  on  diode 
leakage  current  was  found  as  expected. 

The  investigation  of  the  impact  of 
preamorphization  was  extended  to  phosphorus  doped 
n*-diffusion  regions.  n*-diffusion  regions  have 
to  be  taken  into  account  for  applications  in  CMOS 
technology.  Fig.  3  compares  the  phosphorus 
profiles  with  and  without  preamorphization  after 
annealing.  Similar  to  the  case  of  B,  the  junction 
depth  is  reduced.  This  effect  was  significant  for 


Fig.  3:  SIMS  profile  for  phosphorus  with  and 
without  preamorphization. 


Fig.  4:  Junction  depth  xJn+  and  sheet  resistance 
Rn+  vs.  the  depth  xSi  of  the  amorphized 
zone. 

xSi£200nm  (Fig.  4),  where  the  amorphized  region 
extends  beyond  the  region  of  high  P  concentration 
(Fig.  3).  The  accumulation  of  P  in  the  residual 
damage  zone  around  xs<  suggests,  that  mainly  the 
fast  vacancy  related  P  diffusion  in  the  tail 
region  is  retarded. 

Since  the  high  dose  P  implant  alone  also  leads 
to  amorphization  of  Si,  no  enhancement  of 
electrical  activation  of  P  was  obtained  by  the 
preamorphization.  Consequently  no  significant 
effect  on  the  n~-sheet  resistance  and  on  the 
surface  concentration  was  observed. 

For  the  n*-regions  with  and  without 
preamorphization  there  is  little  residual  damage. 
With  preamorphization,  however,  the  residual 
damage  zone  is  closer  to  the  junction.  This  is 
because  Xj  is  reduced  and  because  the  damage  zone 
is  located  around  xSi  rather  than  around  the  zone 
of  high  P  concentration.  Again  no  deterioration 
of  the  junction  quality  was  observed. 

3.  DEVICE  CHARACTERISTICS 

For  device  fabrication  the  preamorphization 
conditions  were  chosen  to  minimize  Xjp+.  xjp+  was 
reduced  from  0.55pm  to  0.35pm,  xin+  from  0.6pm  to 
0.43pm. 

The  main  advantage  of  the  reduction  of  the 
junction  depths  of  the  S/D  regions  is  an 
improvement  of  the  short  channel  behaviour  of  the 
MOSFETs.  Figs.  5+6  show  the  threshold  voltages  VT 
of  n-  and  p-channel  transistors  as  a  function  of 
the  effective  channel  length  L.**  for  S/D- 
formation  with  and  without  preamorphization.  For 
both  channel  types  the  minimum  channel  length 
Lmm  with  long  channel  behaviour  is  reduced  by 
about  30%  when  preamorphization  is  used.  A 
similar  relative  reduction  of  L.m  is  exptected 
for  sub-micron  devices,  too.  A  major  concern  in 


586 


I' 


i 


standard  CMOS  technologies  is  the  insufficient 
subthreshold  behaviour  of  the  p-channel 
transistor  at  short  channel  lengths.  Fig.  7  shows 
that  due  to  the  reduction  of  xJP+  by 
preanorphization  a  sufficiently  low  subthreshold 
swing  can  be  obtained  for  significantly  lower 
channel  lengths  than  without  preanorphization. 

A  drawback  of  the  reduction  of  the  junction 
depths  was  the  increase  of  substrate  current 
I.ub:  20%  for  the  n-channel  and  100%  for  the  p- 
channel.  I.ub  was  confirned  to  increase  with 
decreasing  xJt  as  it  is  expected  from  simple 
models  for  the  maximum  electric  field  in  the 
channel,  which  determines  I.ub.  Therefore,  may  be 
for  optimum  overall  device  characteristics  a  com¬ 
promise  has  to  be  made  between  Xj  reduction  and 
I.ub  increase. 

A  comparison  of  preanorphization  with  the 
standard  technique  to  obtain  shallow  p~n- 
junctions  by  BF2- implantation  yields  the 
following  advantages  for  preamorphization:  no 
fluorine  related  damage,  lower  parasitic  resist¬ 
ances,  shallower  junctions.  The  increase  of  the 


Fig.  6:  n-MOS  threshold  voltage  Vm  with  and 
without  S1-I*  vs.  channel  length. 


Fig.  7:  p-MOS  subthreshold  swing  with  and  without 
Si-I2  vs.  channel  length. 

substrate  current  with  respect  to  only  B- 
implanted  S/D  regions  is  no  particular  effect  of 
the  preamorphization  but  follows  from  the 
reduction  of  Xj  and  therefore  is  equally  observed 
for  BF*  implanted  junctions  corresponding  to  the 
xj-value  obtained. 

Depending  on  the  profile  of  the  background 
doping,  the  reduction  of  xj  can  cause  changes  of 
the  junction  capacitances,  which  might  affect 
circuit  speed.  In  the  present  case  the  n-well  is 
rather  shallow  and  the  concentration  of  the  well 
doping  steadily  increases  towards  the  surface. 
This  represents  the  worst  case,  since  a  Xj 
reduction  causes  an  increase  of  the  junction 
capacitance  Cj  because  of  increasing  background 
doping.  This  was  confirmed  by  measurements  of  the 
junction  capacitances  of  p*n-diodes  with  and 
without  preamorphization.  The  difference  is 
significant  at  low  reverse  voltages  only,  since 
at  high  voltages  the  depletion  region  extends 
into  the  region  of  constant  background  doping 
underneath  the  shallow  n-well.  For  the  n*- 
junctions  no  Cj  change  was  observed.  This  is 
expected  from  the  fact,  that  for  the  deep  p-well 
the  doping  concentration  is  rather  constant  close 
to  the  surface.  It  was  confirmed  by  gate  delay 
measurements  with  3-input  NAND/NOR  ring 
oscillators,  that  the  increase  of  Cj  at  low 
reverse  bias  had  no  noticable  effect  on  circuit 
speed.  This  can  be  understood  by  considering  that 
junction  capacitance  is  only  a  minor  part  of  the 
total  capacitive  load.  Other  doping  profiles 
would  lead  to  other  types  of  changes  of  the 
junction  capacitances.  It  is,  however,  generally 
believed,  that  these  changes  have  only  minor 
effect  on  circuit  speed.  This  holds  particularly 
for  scaled  technologies,  where  wiring  capacitance 
dominates. 
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The  better  electrical  activation  of  boron 
reduced  the  p*-sheet  resistance  to  60%  of  Its 
value  without  preamorphization.  The  higher 
surface  concentration  leads  to  a  factor  of  2 
decrease  of  the  contact  resistance  between 
metallization  and  the  p~-areas.  Thus  the 
parasitic  series  resistance  of  the  p-channel 
devices  is  considerably  diminished.  This  becomes 
increasingly  important  for  sub-micron 
technologies  where  parasitic  series  resistances 
begin  to  limit  the  current  of  the  short  channel 
transistors. 

The  shift  of  the  residual  damage  zone  towards 
the  pn-junction  which  was  observed  for  the 
preamorphized  diffusion  regions  did  not  affect 
the  diode  leakage  current,  but  significantly  im¬ 
proved  the  latch-up  hardness.  This  is  attributed 
to  the  reduction  of  the  current  gains  of  the 
parasitic  bipolar  transistors  the  emitters  of 
which  are  the  S/D-regions  of  the  MOS-devices. 
Fig.  8  shows  for  the  parasitic  n*pn  transistor, 
that  the  current  gain  steadily  decreases  with 
decreasing  spacing  between  the  damage  zone  and 
the  pn-junction.  For  the  optimum  conditions 
chosen  in  our  technology,  the  current  gain  is 


Fig.  8:  Parasitic  npn  bipolar  current  gain  depen¬ 
ding  on  the  spacing  between  xs<  xJn+. 


reduced  by  nearly  two  orders  of  magnitude. 
Similar  results  were  obtained  for  the  parasitic 
p-np-transistor.  From  this  it  is  concluded,  that 
the  small  spacing  between  the  residual  damage 
zone  in  the  case  of  preanorphization ,  which  is  a 
zone  of  high  minority  carrier  recombination  rate, 
and  the  base-emitter  junction  enhances  the  base 
current  and  thus  reduces  the  emitter  efficiency. 
This  leads  to  the  small  current  gains  of  the 
parasitic  bipolar  transistor  in  case  of 
preamorphization,  which  considerably  improves  the 
latch-up  hardness.  Consequently  preamorphization 
allows  to  reduce  the  critical  n*/p*-spacing  of 
CMOS  structures  without  trade  off  with  respect  to 
latch-up  hardness.  For  the  technology  presented 
here,  the  n*/p-*-spacing  could  be  reduced  from  6pm 
to  5|im. 

4.  CONCLUSION 

The  impact  of  preamorphization  on  CMOS 
performance  was  evaluated  for  a  1.5|im  technology. 
A  considerable  improvement  of  the  short  channel 
behavior  of  the  MOS  devices  has  been 
demonstrated.  In  scaled  devices  the  phosphorus 
doped  n*-S/D-regions  will  be  replaced  by  LDD- 
structures.  Consequently  in  the  future 
preamorphization  might  only  play  a  minor  role  for 
n-channel  transistors,  e.g.  by  reducing  the 
lightly  doped  phosphorus  tail  underneath  the  As. 
In  contrast,  the  p-channel  results  will  be  useful 
also  for  sub-micron  technologies.  It  has  to  be 
investigated  yet,  how  the  I »ul>- increase  affects 
device  reliability.  There  might  be  a  trade  off 
between  optimum  short  channel  behavior  and 
sufficient  device  reliability.  The  improvement  of 
latch-up  hardness  caused  by  the  redistribution  of 
the  residual  damage  of  the  S/D-regions  will  be 
present  also  in  scaled  devices,  even  if  for  the 
n-channel  transistors  LDD  structures  are  used, 
because  a  similar  reduction  of  the  spacing 
between  damage  zone  and  junction  is  expected  as 
in  phosphorus  doped  n*-regions. 

In  summary,  preamorphization  proved  to  be  a 
useful  technique  to  optimize  future  device 
structures. 
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In  order  to  achieve  a  high  packing  density, 
sub-micron  CMOS  process,  a  trench  Isolating 
technique  with  both  n+  and  p+  diffusions  abutted 
directly  to  the  trench  wall  has  been  developed. 
By  placing  both  n+  and  p+  diffusions  against  the 
trench,  a  packing  density  Improvement  greater 
than  two  can  be  achieved  over  a  trench  process 
with  off-set  diffusions. 

In  this  work  a  twin  well  CMOS  process  with 
shallow  sources  and  drains  (0.2pm)  has  NMOS  and 
PMOS  transistors  Isolated  by  1pm  wide  and  2pm 
deep  trenches.  The  trenches  are  passivated  with 
both  a  sidewall  oxide  and  a  nitride  layer  and 
filled  with  poly-SI.  The  sidewall  nitride  layer 
prevents  the  encroachment  of  the  field  oxide 
Into  the  active  area  and  hence  allows  the  n+/p+ 
diffusions  to  abut  directly  to  the  trench  wall. 
Flg.l  shows  an  SEM  cross-sectional  micrograph  of 
the  trench  structure  before  gate  conductor  . 
patterning. 

The  electrical  characteristics  of  both  NMOS 
and  PMOS  trench  Isolated  transistors  have  been 
evaluated  for  a  range  of  transistor  geometries. 
Good  working  sub-micron  transistors  have  been 
processed  with  electrical  widths  or  lengths. as 
low  as  0.3pm  (Fig. 2).  The  process  schedule  gave 
unity  aspect  ratio  gains  of  90  and  25pA/V2  and 
subthreshold  slopes  of  95  and  lOOmV/dec  for 
0.8pm  NMOS  and  PMOS  transistors  respectively 
(gate  oxide  thickness  ~  200A).  The  off-state 
leakage  currents  were  less  than  O.lpA/pm  width 


for  both  NMOS  and  PMOS,  and  lateral  punch- 
through  voltages  were  over  7V  for  both  NMOS 
and  PMOS  transistors  each  with  an  Leff*0.75(iii. 
Transistors  were  fabricated  on  both  n-type  and 
p-type  wafers. 


FIGURE  1 

Cross-sectional  SEM  of  the  trench  structure 
prior  to  poly-gate  patterning. 


One  of  the  main  concerns  of  a  trench  process 
Is  the  ability  to  control  the  trench  parasitic 
transistors.  If  the  trench  parasitic  transis¬ 
tors  are  allowed  to  conduct,  the  quiescent 
power  dissipation  of  a  circuit  will  be  extreme¬ 
ly  high. 

Electrical  contacts  were  made  to  the  poly-SI 
In  order  that  It  could  be  used  as  the  gate  of 
the  lateral  and  vertical  parasitic  transistors 
enabling  the  characteristics  of  these  parasl- 
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FIGURE  2 

Subthreshold  and  I-V  characteristics  of  ten 
parallel  sub-alcron  wide  transistors  (W«0.3pa, 
L-lOpm). 

tics  to  be  determined.  Fig. 3  shows  the  sub¬ 
threshold  characteristics  of  a  lateral  NMOS 
parasitic  transistor.  The  lateral  parasitic  has 
a  threshold  voltage  of  I2V  and  a  subthreshold 
slope  of  875mV/dec.  The  trench  voltage  required 
to  obtain  a  vertical  trench  leakage  current  of 
IpA  per  micron  length  of  trench  and  a  lateral 
trench  leakage  current  of  lOpA  per  trench  edge 
was  measured.  The  drain  potential  of  the  para¬ 
sitic  transistors  was  kept  at  a  potential  of 
5Vf NMOS )  and  -5V(PM0S)  during  these  measure¬ 
ments. 


FIGURE  3 

Subthreshold  characteristics  of  a  lateral 
NMOS  parasitic  transistor. 

Fig. 4  summarises  the  results  for  the  four 
trench  parasltlcs.  The  vertical  NMOS  parasitic 
was  measured  on  an  n-type  substrate  (2ocm)  and 
the  vertical  PMOS  parasitic  on  a  p-type  sub¬ 
strate  (25ocm). 


Trench  voltage  (v) 

NM03  vertical 

4.6  ±  0.3  (3a  n-l) 

NMOS  lateral 

7.5  ±  1.2  (3on-l) 

PMOS  vertical 

-16.5  ±  2  (3a  n-l) 

PMOS  lateral 

-9.5  t  1  (3a n-l) 

FIGURE  4 

Trench  voltage  of  the  four  trench  parasltlcs. 


It  Is  clear  from  the  results  summarised  In 
Fig. 4  that  It  Is  preferable  to  establish  a  pro¬ 
cess  on  p-type  wafers  since  the  n+  to  n- 
substrate  vertical  NMOS  parasitic  which  has  the 
lowest  turn-on  voltage  will  be  eliminated. 
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FIGURE  5 

Dependence  of  the  subthreshold  charac¬ 
teristics  of  a  20/1  NMOS  transistor  on  trench 
potential . 


FIGURE  6 

Dependence  of  the  vertical  parasitic  current 
on  the  gate  potential  (Vsub*5V). 


As  well  as  characterising  the  parasitic 
transistor  directly,  the  subthreshold  charac¬ 
teristics  of  the  top  transistor  were  measured 
as  a  function  of  trench  potential.  Fig. 5  shows 
that  there  Is  only  a  minimal  shift  In  the  sub¬ 
threshold  characteristics  of  a  20/1  NMOS  tran¬ 
sistor  as  the  trench  potential  Is  Increased  to 
5V. 

Another  concern  of  the  trench  process  Is  the 
ability  to  maintain  adequate  planarlsatlon.  If 
the  poly-SI  gate  is  allowed  to  extend  over  the 
edge  of  the  active  area  then  the  vertical  para¬ 
sitic  current  will  be  dependent  on  the  gate 
potential  (Fig. 6).  However,  by  maintaining 
adequate  planarlsatlon,  this  effect  can  be 
largely  eliminated. 

As  well  as  characterising  the  trench  parasi- 
tlcs  at  room  temperature,  full  characterisation 
has  also  been  carried  out  on  all  the  trench 
parasltlcs  In  the  temperature  range  20°C  to 
125°C.  Fig. 7  shows  the  subthreshold  charac¬ 
teristics  of  the  NMOS  lateral  parasitic  for  a 
range  of  temperatures.  There  is  a  shift  of  3.5 
volts  in  the  threshold  voltage  between  25*C  and 
125BC  and  a  corresponding  degradation  In  the 
subthreshold  slope. 


Lateral  trench  parasitic  leakage  as  a 
function  of  temperature. 
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FIGURE  8 

Dependence  of  the  trench  potential  on 
temperature  for  the  four  trench  parasltlcs 
(vertical  current  3nA/u»,  lateral  current 
50nA/trench  edge). 


Fig. 8  summarises  the  temperature  dependence  of 
the  four  trench  parasltlcs. 

The  results  obtained  show  that  the  trench 
parasltlcs  will  not  lead  to  unacceptable  leak* 
age  currents  even  at  elevated  temperatures 
since  In  a  real  circuit  formed  on  p/p+  epitaxy, 
the  trench  will  sit  at  a  potential  which  will 
be  close  to  the  substrate  potential  of  OV. 

To  conclude,  a  CMOS  trench  process  has  been 
developed  which  has  both  n+  and  p+  diffusions 
abutted  directly  against  the  trench  sidewall. 
The  twin  wells  and  the  trench  structure  have 
been  optimised  so  that  the  trench  parasltlcs  do 
not  lead  to  problematic  leakage  currents. 
Sub-micron  CMOS  transistors  have  been  fabrica¬ 
ted  with  good  electrical  performance  showing 
that  trench  Isolation  has  potential  for  scaling 
to  0.5|im  dimensions  and  beyond. 


The  authors  thank  the  Alvey  Directorate  for 
their  financial  support. 
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The  SWAMI  electrical  properties  have  been  studied  focusing  over  the  subthresh¬ 
old  voltage,  junction  leakage  and  latch-up  phenomena.  The  data  below  reported 
have  been  compared  with  the  equivalent  LOCOS  processed  structures. 


1  Introduction 

The  SWAMI  (Side  Wall  Masked  Isolation)  technique 
has  been  recently  proposed  [l],[2],as  a  suitable  isola¬ 
tion  approach  for  the  new  VLSI  and  ULSI  devices. 
It  is  interesting  to  remember  that  the  SWAMI  struc¬ 
ture,  beside  some  electrical  advantages,  presents  less 
than  10%  of  the  field  oxide  thickness  sticking  out  from 
the  silicon  surface,  compared  with  about  62%  of  a 
standard  LOCOS  isolation.  Due  to  the  special  con- 
figuration,i.e.  the  recessed  silicon  etch,  it  is  possible 
to  expect  a  larger  stress  induced  by  the  oxidation  in 
the  silicon  itself  .  As  already  reported  [2]  it  is  pos¬ 
sible  to  obtain  the  SWAMI  structure  by  either  single 
silicon  etch  or  double  silicon  etch.  The  two  silicon 
etch  procedure  it  is  recognized  to  be  more  complex 
from  a  manufacturing  point  of  view  but  give  better 
results  in  term  of  leakage  current.  We  evaluated  the 
feasibility  of  these  SWAMI  structures,  and  the  high 
voltage  TEM  picture  of  both  single  silicon  etch  and 
double  silicon  etch  are  below  reported.  According  to 
other  authors  [1],  we  focused  our  electrical  evaluation 
on  the  double  etch  structure  because  recognized  to  be 
advantageous. 

By  comparing  the  TEM  pictures  it  is  realizable  that 
the  doub'  *  ch  approach  induces  a  lower  degree  of 
damage  »  v,  silicon  lattice.  The  electrical  measure¬ 
ments  p.  j..ned  on  ours  isolation  structures  almost 
confirm  the  'rj<  duced  lattice  defectivity  and  exhibit 
a  goo '  isolate  .  properties. 


2  Samples  Preparation 

All  the  samples  have  been  processed  on  <  100  >  ori¬ 
ented  P-type  silicon  wafers  with  a  resistivity  of  1. 7-2.5 
ohm  cm  .  The  samples  preparation  process  is  con¬ 
formable  with  the  status  of  the  art  in  the  field.  In 
the  figure  1  is  reported  a  generic  process  flow  and  the 
specific  film  thickness  of  ours  samples.  It  has  to  be  em- 


sncwAu. 


,  mcono  aoaoN  mslamt 

fig  i 


Fig.  1)  The  generic  process  flow  is  here  reported. 
The  first  pad  oxide  and  nitride  were  SSOAand  llOoA. 
As  reported  in  the  text, the  silicon  etch  was  for  about 
500  A.  The  CVD, nitride  and  oxide  were  respectively 
S000  A,  900Aand  100 A.  The  second  silicon  etch  was 
for  ahout  1000  A. 


phasized  that  in  order  to  etch  the  single  crystal  silico.i 
we  choose  a  double  frequency  reactor  .  The  SFt  —  Clj 
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plasma  generated  by  double  frequency, 13.56  MHz  and 
100  kHz, has  been  found  useful  in  order  to  minimize 
the  pattern  sensitivity.In  other  words,  the  double  fre¬ 
quency  configuration  enhance  the  uniformity  of  the 
silicon  etch.  This  is  not  trivial  with  regard  to  the 
shallow  silicon  layer  to  be  etch;'  respectively  500  A  and 
1000  A.  As  mentioned  above, we  investigated  the  elec¬ 
trical  performances  of  the  double  etch  SWAMI  struc¬ 
ture.  This  process  has  been  realized  using  also  a  dou¬ 
ble  Boron  implant  respectively  performed  at  40  keV 
with  a  dose  of  4  •  10 'Hana/cm1  and  at  100  keV  with  a 
dose  of  4  •  10 ^ions/cni1.  The  double  Boron  implant 
has  been  performed  with  the  aim  to  prevent  prevent  a 
lateral  leakage  between  the  source  and  drain  diffusion 
below  the  polysilicon  gate.  The  CVD  oxide  as  well 
as  the  second  pad  oxide  and  the  second  nitride  have 
been  etched  in  the  same  batch  hexode  reactor  using  a 
CHF3  —  Oj  plasma  in  RIE  configuration.  We  used  to 
this  purpose  a  single  step  process  in  order  to  accom¬ 
plish  the  theoretical  requirement  of  a  zero  overetch 
in  the  wall  mask  generation.  The  field  oxide,  6000 
Athick  has  been  grown  by  steam  technique  at  920*C 
with  a  3%  SCI.  In  order  to  run  the  subthreshold  mea¬ 
surements  we  patterned  on  the  substrates  two  micron 
length  N-channel  parasitic  transistors.  The  temper- 
attire  influence  over  the  junction  leakage  current  has 
been  studied  by  measuring  the  leakage  at  25#C  and 
150 °C  .  A  comparison  between  the  leakage  current 
obtained  with  a  standard  LOCOS  and  SWAMI  is  also 
reported.  As  far  as  LOCOS  measurements  are  con¬ 
cerned  we  refer  to  the  same  two  micron  N-channel 
parasitic  transistor  processed  at  the  status  of  the  art. 
The  area  and  perimeter  diodes  N+  versus  P  isolation 
and  P+  versus  N  well  have  been  used  to  check  the 
bulk  damage  induced  by  our  structure. 

The  area  diodes  were  198400  pm  *  large,  the  perimeter 
ones  were  25344  pm  long  and  55200  pm  1  large. 

3  Results  and  Discussion 

The  pictures  2  and  3  show  respectively  the  single  sil¬ 
icon  etch  and  double  silicon  etch  SWAMI  structures 
as  detected  by  HV-TEM  (High  Voltage  Transmission 
Electron  Microscopy).  It  is  realizable  that  picture  3 
shows  a  lower  degree  of  lattice  damage.  We  sow  a  lat- 


Fig.  t)  The  HV-TEM  picture  of  tingle  silicon  tick 
SWA  HI  .It  u  evident  the  lattice  damage  belo  w  the 
bird's  beak  region. 


Fig.  S)  The  HV-TEM  picture  of  double  silicon  etch 
SWAMI. A  detail  of  the  bird’s  beak  region  is  reported. 


tice  damage  also  on  the  double  etch  process  but  it  was 
found  at  deeper  level  in  the  bulk,  at  about  2  pm,  as 
show  in  picture  4.  The  bird’s  beak  extension  can  be 
adjusted  by  appropriate  pad  oxide  to  nitride  thickness 
ratio  as  in  LOCOS  technique.  The  bird’s  beak  as  well 
as  the  rough  upper  surface  of  the  structure  show  in 
picture  3  are  not  representative  of  what  we  can  find 
on  the  real  device.  This  is  expected  to  be  better,  be¬ 
cause  we  do  not  performed  on  the  TEM  samples  the 
sacrificial  reoxidation  process  instead  used  on  a  ordi¬ 
nary  device  process. 

The  figure  5  shows  the  subthreshold  characteristic 
as  measured  on  our  2pm  length  parasitic  N-channel 
transistor.  We  report  on  the  same  figure  also  a  sub¬ 
threshold  characteristic  of  a  similar  parasitic  transis- 
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Fig.  4)  The  HV-TBU  picture  of  double  silicon  etch 
SWAMI.  The  view  over  a  Urge  region  thowt  a  tori  of 
lattice  damage  in  the  deep  hulk.  It  hat  to  he  empka- 
tited  that  we  did  not  perform  on  the  TBU  templet 
anp  thermal  treatment. 


Fig.  S)  The  tubihrethold  curvet  for  both  SWAM  and 
LOCOS  t  pm  N-channcl  parotitic  tram  it  tort.  The 
curve  a  refert  to  LOCOS, the  curve  b  to  the  SWAM. 


tor  realized  using  the  LOCOS  structure  instead  of 
the  SWAMI.  Based  on  these  measures  we  can  affirm 
that  the  defectivity  induced  by  the  SWAMI  as  well  as 
the  junction  leakage  are  satisfactory  and  close  to  the 
values  measured  on  LOCOS  structures.  In  order  to 
evaluated  more  accurately  the  induced  defectivity  we 
run  some  junction  leakage  measures  using  both  area 
and  perimeter  diodes.  In  figure  6  are  report  the  cur¬ 
rent  leakage  curves  of  N+  versus  P  isolation  area  and 
perimeter  diodes.  The  upper  curve  refers  to  the  area 
diode,  the  other  to  the  perimeter  one.  Similar  plots 
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Fig.  6)  Leakage  current  at  mentored  on  N+-P  itola- 
tion  area  ami  perimeter  diodet.  Thete  meaturet  have 
been  performed  at  25 °C  .  The  curve  a  refert  to  the 
perimeter  diode,  the  curve  b  to  the  area  one. 

but  as  obtained  on  the  P+  versus  N  well  diodes  are 
reported  in  figure  7.  To  make  a  comparison  the  junc¬ 
tion  leakages  usually  measured  on  LOCOS  structures 
are  reported  in  the  following  table  I.  We  report  the 
leakage  value  as  measured  at  ±  7  V  and  at  ±  13  V  . 


PyNw.il 


Fig.  1)  Leakage  current  at  mentored  os  P+-N  Well 
ana  and  perimeter  diodet.  Thete  nieutru  hare  toe* 
performed  at  25 *C  .  The  curve  a  refert  to  the  perime- 
ter  diode,  the  curve  b  to  the  area  one. 
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TABLE  I 


±7  V 

±  1JV 

AREA  DIODES 

P+/NWU1 

1.0-10-“  A 

1.5  10~“  A 

N+/P  isolation 

2.0-10~“  A 

6.010-“  A 

PERIMETER  DIODES 

P+/N  Wdl 

5.0  10“12  A 

1.0-10-“  A 

N+/P  isolation 

3.0 10~“  A 

t— i 

CO 

o 

1 

to 

> 

The  figure  8  shows  the  junction  leakage  measured 
at  150°C  on  P+  N  well  and  N+  P  isolation  area 
and  perimeter  diodes.  Also  these  measures  confirm 
the  good  quality  and  the  low  defectivity  induced  by 


,pw 


fig  8 

Fig.  S)  Leakage  measures  at  150 "C  ■  The  carves  a 
and  i  refer  te  P+-N  Well  diode*  respectively  perime¬ 
ter  and  area.  The  carve*  e  and  d  refer  to  S+-P  iso¬ 
lation  diode*  respectively  perimeter  and  area. 


SWAMI  structure.  The  last  measurements  set  was  de¬ 
voted  to  evaluate  the  consistency  of  the  latch  up  phe¬ 
nomena  on  SWAMI  processed  samples.  The  figures  9 
and  10  show  the  latch  up  as  measured  respectively 
on  SWAMI  and  LOCOS  structures.  These  measures 
have  been  performed  by  injecting  current  from  the 
P+  emitter  in  N  well  diffused  region, by  keeping  the  N 
well  at  ground  and  the  substrate  at  -  5  V.  The  trig¬ 
ger  current  for  the  latch  up  was  found,  at  6.3mA  on 
SWAMI  processed  samples  and  6.1mA  on  the  LOCOS 
processed  samples. 


Fig.  9)  Latch-up  phenomena  a*  detected  on  SWAMI 
processed  sample. 


Fig.  10)  Latch-up  phenomena  as  detected  on  LOCOS 
proceiscd  sample. 
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4  Conclusions 


Based  on  ours  results  we  can  conclude  that  the  double 
silicon  etch  SWAMI  structure,  is  to  be  considered  a 
good  isolation  alternative  to  the  standard  LOCOS. 
As  far  as  the  electrical  characteristic  are  concerned 
no  significant  differences  with  respect  to  the  LOCOS 
have  been  found. 

In  spite  of  the  recessed  isolation  ,the  detectivity,  at 
least  its  electrical  evidence,  do  not  represent  at  this 
time  a  dramatic  constraint.  The  main  advantages 
related  to  this  structure  have  been  found  by  both 
the  higher  degree  of  planarization  achievable  after  the 
field  oxide  grown,  and  the  significant  reduction  of  the 
bird’s  beak  extension.  These  features  obtained  by  in¬ 
ducing  a  minimum  degree  of  lattice  damage  represent 
the  real  advantage  of  the  SWAMI  technique. 

In  other  words,  the  electrical  characteristics  compa¬ 
rable  to  those  proper  of  the  LOCOS, coupled  with  the 
geometrical  advantages,  i.e.  high  planarization  level 
and  short  bird’s  beak  extension,  make  SWAMI  a  suit¬ 
able  process  for  the  new  ULSI  multilevel  devices. 
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Temperature  Stability  of  AuGeNi  Ohmic  Contacts  to  GaAs 
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To  achieve  reliable,  thermally  stable  ohmic  cot  tacts  to  n-GaAs,  surface  preparation  and  thickness  of  the 
AuGeNi  films  must  be  properly  chosen.  In  this  work  the  contact  resistance  as  a  function  of  the  alloying 
temperature  cycle  has  been  studied  for  different  AuGeNi  thickness  and  sputter  cleaning  conditions.  In-situ 
X-ray  photoemission  spectroscopy  (XPS)  analysis  of  the  sputter-cleaned  GaAs  surface  showed  that  the 
AsjOj  was  removed  first,  leaving  a  sputter  damaged  layer  of  GaAs  containing  0.3  -  1  run  of  GazOj.  If  a  thin 
AS2O3  layer  was  left  on  the  surface,  the  contact  resistance  was  large  and  non-uniform.  At  the  optimum 
sputter  cleaning  conditions,  when  S  nm  of  Ni  was  deposited  first  followed  by  100  nm  of  AuGe,  30  nm  of  Ni 
and  50/100  nm  of  Au,  the  contact  resistance  was  low  and  uniform  with  R*=*0.1  Q  -  mm.  Transmission 
electron  microscope  (TEM)  analysis  showed  that  a  high  density  of  uniform  NiAs(Ge)  grains  at  the  GaAs 
interface  is  responsible  for  the  much  improved  uniformity  and  thermal  stability.  Spread  in  contact  resistance 
is  due  to  the  fi  -  AuGa  phase  contacting  the  GaAs. 


1.  Introduction 

Despite  a  trend  towards  developing  refractory  ohmic 
contacts  which  can  withstand  high  temperature  anneals,  the 
alloyed  AuGeNi  contact  is  still  the  most  reliable  and  commonly 
used  metallization  in  GaAs  technology.  The  problems 
associated  with  this  system  are  the  poor  uniformity  and 
thermal  stability  of  the  contacts.  However,  process 
improvements  [1]  have  led  to  an  ohmic/GaAs  interface  which 
does  not  degrade  appreciably  after  thermal  treatment  at  400 
°C  tor  several  hours.  Both  surface  preparation  and  film 
deposition  processes  are  of  primary  importance  to  achieve  low 
contact  resistance  with  good  thermal  stability. 

In  this  work,  the  effect  on  contact  resistance  of  different 
surface  preparations  and  film  thicknesses  will  be  described.  It 
will  be  shown  that  a  rather  narrow  process  window  in  terms  of 
surface  preparation  and  film  thicknesses  lead  to  a  low  and 
uniform  contact  resistance  with  good  thermal  stability.  An 
in-situ  sputter  cleaning  of  the  GaAs  surface  and  the  deposition 
of  a  first  layer  of  Ni  gave  best  results.  The  strong  correlation 
between  these  contacts  and  the  interfacial  microstructure  will 
bediscuseed. 

2.  Experimental 

To  check  the  feasibility  of  a  AuGeNi  process,  transmission 
line  test  (TLM)  test  structures  are  formed  on  the  GaAs  wafers. 
Typical  process  steps  are  outlined  below  [1].  Conducting 
channels  are  formed  by  implanting,  through  a  photoresist 
stencil,  KF*  ions  at  a  dose  of  1 J  x  10'Vcm1  at  150  KeV.  After 
resist  stripping,  the  wafers  are  ca pleas  annealed  in  an  arsine 
atmosphere  at  800  *C  for  several  minutes  to  activate  the 


implant.  An  ohmic  contact  lift-off  stencil  is  then  defined  using 
photolithography.  At  this  stage  of  the  process,  the  GaAs  wafer 
is  cleaved  into  chips.  The  chips  are  mounted  on  a  RF  cathode 
and  loaded  into  the  evaporator.  An  in-situ  sputter  cleaning 
process  is  carried  out  first  in  an  02  discharge  at  low  power  and 
high  pressure  for  a  short  time  to  remove  hydrocarbons 
contaminants  and  normalize  the  surface  to  a  fixed  oxide  layer. 
A  mild  sputter  cleaning  in  Ar  is  then  carried  out  to  partially 
remove  the  oxide  layer.  The  AuGe,  Ni,  and  Au  metal  films  are 
thermally  evaporated.  After  lift-off,  the  contacts  are  alloyed  in 
a  furnace  with  continuous  flow  of  Ar/Hj.  At  this  stage  the 
TLMs  are  ready  for  automated  test. 

3.  Surface  preparation 

Analysis  of  the  GaAs  surface  dining  Ar  sputtering  has  been 
done  [2].  In-situ  ellipsometry  to  determine  oxide  thickness  and 
X-ray  photoelectron  spectroscopy  to  determine  the  sputtered 
species  reveal  that  first  AsjOj  is  removed,  leaving  a  sputter 
damaged  layer  of  GaAs  containing  0.3  -  1  nm  of  Ga^Oj.  At 
short  sputtering  times,  the  contact  resistance  as  a  function  of 
the  alloying  temperature  cycle  was  measured  (3].  Contact 
resistances  showed  poor  uniformity  and  thermal  stability  with 
Rc<x0.65  Q  -  mm.  These  poor  results  appear  to  be  due  to  a  thin 
layer  of  AsaO,  still  left  on  the  surface.  At  longer  sputtering 
times,  when  a  thin  layer  of  GajOj  was  left  on  the  surface 
contact  resistances  were  low  and  uniform  (Figure  la). 

4.  Film  deposition 

Since  the  surface  can  be  controlled  very  well  by  sputter 
cleaning  [13],  different  processes  can  be  tried  where  the  film 
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10 1  a)  HI  01  first  toyor 


Alloying  Tump.  (*C) 

Figure  1 

Contact  resistance  v»  alloying  temperature,  a)  Ni  ai 
tint  layer,  b)  no  Ni  at  lint  layer. 

thicknesses  are  changed.  A  lint  layer  of  Ni  of  about  5  nm  [1] 
before  the  AuGe  deposition,  that  at  the  beginning  was  thought 
to  improve  adhesion,  was  found  to  be  a  crucial  step  to  obtain 
uniform  and  low  contact  resistance  [2].  SUh  et  al.  [4]  found  that 
it  changes  the  sequence  of  the  alloying  reaction  between 
AuGeNl  and  GaAs,  which  results  in  a  large  difference  in  the 
interface  morphologies  between  specimens  with  and  without 
the  Ni  first  layer.  These  interface  morphologies  are  strongly 
correlated  with  the  electrical  properties  of  the  contacts.  The 
deposition  of  NI  as  the  first  layer  leads  to  an  alloyed  contact 
formed  by  a  two  layer  structure.  The  first  layer  contacting  the 
GaAs  consists  of  a  high  density  of  the  NlAs(Ge)  grains  and  the 
second  layer  is  a  homogeneous  layer  with  large  grains  of  the 
fi  —  AuGa  phase.  A  TEM  picture  of  this  structure  is  shown  in 
Figure  2. 

The  contact  resistance  as  a  function  of  alloying  temperature 
for  tUs  sample  is  shewn  in  Figure  la.  The  contact  resistance  is 
low  and  uniform  in  the  temperature  range  of  420-330  °C.  For 
example,  at  an  alloying  temperature  of  420  °C,  tide  sample 
shows  R,«0.11  0  -  mm  with  a  total  spread  t m  0.09  Q  -  mm. 


Channel  resistWitiea  are  on  the  order  of  220  0/0.  In  theee 
experiments  about  20  TLMs  are  tested. 

The  NlsAsGe/GaAs  interface  was  previously  suggested  to 
be  essential  for  low  contact  resistance  by  Kuan  et  at.  [3].  Our 
present  results  also  support  this  conclusion:  the 
NlAs(Ge)/G&As  interface  is  important  to  lower  the  contact 
resistance.  However,  the  Ge.  As  ratio  in  the  NiAs(Ge)  grains  is 
not  one  to  one.  These  compounds  satisfy  the  condition  that  the 
Ge  atoms  diffuae  into  the  Ga  vacancy  sites  forming  a  heavily 
doped  n*  layer  at  the  metal/ GaAs  interface.  The  Fermi  level  in 
the  GaAs  moves  into  the  conduction  band  and  electron 
transport  across  the  interface  is  mainly  by  tunnelling  through  a 
thinner  barrier  height. 


Figure  2 

Bright-film  image  of  cross  sectional  view  of  a  sample 
with  Ni  as  first  layer  after  annealing  at  440  °C  for  2  m. 
The  diagram  below  indicates  the  phases  observed  in  the 
image  area. 

A  much  different  interface  morphology  is  obtained  when 
no  Ni  is  deposited  first.  In  this  case  (Figure  lb),  the  NiAs(Ge) 
grains  formed  at  the  interface  protrude  into  the  GaAs 
substrate,  rather  than  forming  a  uniform  two- layers  structure. 
Contact  resistance  la  low  but  it  has  a  large  spread  due  to  the 
fact  that  large  areas  of  the  GaAs  interface  are  contacting  the 
f  —  AuGa  phase,  which  is  a  rectifying  contact  (Figure  3). 


I _ «•*! - 1 

Figure  3 

Bright-field  image  of  a  sample  with  no  Ni  as  First  layer 
annealed  at  440  °C  for  2  m  at  two  locations,  a)  near  a 
contact  edge  and  b)  at  middle  of  a  contact.  In  the  diagram 
below,  the  images  indicates  the  phases  observed  in  the 
image  area. 

This  type  of  ohmic  contact  has  been  modelled  by  N.  Braslau 
[6].  Conduction  is  through  a  parallel  array  of  germanium-rich 
protrusions  of  negligible  contact  resistance.  Contact  resistance 
is  dominated  by  the  spreading  resistance  in  the  semiconductor 
in  series  with  them.  For  doping  levels  found  in  active  devices, 
the  spreading  resistance  which  depends  on  semiconductor 
resistivity  and  thus  inversely  on  doping  dominates,  consistent 
with  the  observed  doping  dependence.  This  widely  accepted 
model  for  the  AuGeNi  contacts,  however,  cannot  be  strictly 
applied  to  the  contacts  described  above,  where  the  spacing 
between  the  protrusions  has  been  considerably  reduced  and  the 
NiAs(Ge)/GaAs  interface  improved. 

5.  Thermal  stability 

Figure  la  shows  that  after  alloying  at  700  °C,  well  above 
the  eutectic  temperature  of  the  AuGe,  the  contacts  were  still 
ohmic  but  of  poor  quaBty.  This  result  indicates  that  the 
contacts  might  thow  good  thermal  stability  at  400  °C  or  higher 
temperature.  When  the  contacts  were  annealed  at  410  °C  for 
37  hours,  a  contact  resistance  R,  S  0,6  fl  -  mm  was  obtained 

m. 


It  was  found  that  that  the  deterioration  of  the  contacts  is 
not  an  increasing  monotonic  function  with  time  [1].  To 
correlate  the  electrical  properties  to  the  film  microstructure, 
the  samples  annealed  at  410  °C  after  contact  formation  at  440 
°C,  were  Investigated  using  TEM.  In  Figure  4  segregation  of  the 
NiAi(Ge)  grains  is  observed  after  annealing  at  400  °C  for  10  h, 
which  reduces  the  contact  areas  between  the  NiAs(Ge)  grains 
and  GaAs.  A  very  non  -  uniform  layer  was  observed  after  90 
hours  annealing  (Figure  S).  This  deterioration  is  likely  due  to 


Figure  4 

TEM  micrograph  of  the  interface  structure  after 
annealing  at  400  °  C  for  10  hours. 


Figures 

TEM  micrograph  of  the  interface  structure  after 
annealing  at  400  °C  for  90  hours. 

the  existence  of  the  0  -  AuGa  phases,  with  a  low  melting  point 
around  375  °C,  which  degrade*  contact  resistance.  Higher 
contact  reristanoas  with  poor  thermal  stability  were  found 
when  Ni  or  Au  rich  films  were  deposited  onto  the  sputter 
cleaned  GaAs  surfaces. 
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6.  Coodnskxft 


TIm  AuGeNl  alloyed  ohmic  contact  to  GaAs  is  still  the  matt 
widely  need,  due  to  it*  procee*  simplicity.  It*  thermal  stability, 
related  to  interface  properties  can  be  improved  by  sputter 
cleaning  th*  surface  and  depositing  a  first  layer  of  NL  At  400 
*C  die  alloyed  contact  is  metastable,  but  it  maintains 
R,  £  0j6  0  —  mm  after  annealing  for  several  hours. 
Deterioration  of  the  contact  resistance  with  annealing  time  is 
due  to  segregation  of  the  NiAs(Ge)  grains  st  the  interface  and 
to  the  esistance  of  the  ft  -  AuGa  phases  with  s  low  melting 
point  around  315  °C. 
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The  thermal  stability  of  the  non-alloyed  GaAs/Pd/Ge  ohmic  contact  to  n-GaAs,  based  on 
the  solid  phase  epitaxy  of  Ge  on  GaAs  through  PdGe,  was  investigated  at  300°C. 
Annealings  up  to  200  hours  induced  an  increase  of  the  contact  resistivity  from  the 
starting  average  value  of  0.16  Ohm-mm  up  to  0.30  Ohm-mm.  Even  though  no  structural 
modification  was  detected  by  MeV  Rutherford  Backscattering  Spectrometry  measurements 
and  Scanning  Electron  Microscopy  observations,  cross  sectional  Transmission  Electron 
Microscopy  analyses  detected  some  changes  at  the  PdGe/Ge  interface  in  the  long  term 
annealed  samples  which  could  induce  the  formation  of  a  resistive  layer  between  Ge  and 
PdGe. 


1.  INTRODUCTION 

Ohmic  contacts  to  n-GaAs  are  usually  a- 
chieved  by  alloying  a  AuGeNi  multilayer  in  a  re 
ducing  atmosphere  at  high  temperatures  for 
short  time  (e.g. ,  450°C  1  min)  [l].  The  complex 
alloying  process  involves  the  formation  of  a 
liquid  phase  between  Au  and  Ge,  with  an  eutec¬ 
tic  temperature  of  356®C.  A  non-plan ar  metal/ 
GaAs  interface  morphology  can  result,  as  well 
as  a  poor  edge  definition.  These  morphological 
problems,  which  can  be  important  in  shallow 
junction  devices  or  in  high  definition  planar 
structures,  can  be  bypassed  by  using  a  non-al¬ 
loying  process  ensuring  a  planar  interface, such 
as  the  solid  phase  epitaxy  of  Ge  through  PdGe 
on  GaAs,  as  shown  by  Lau  and  coworkers  [2].  A 
usual  lift-off  process  is  needed  of  the  achie¬ 
vement  of  such  a  metallization,  which  gives 
contact  resistivity  values  as  low  as  10~6 
Ohm-cm  on  n-GaAs,  n\10  cm  . 

The  purpose  of  this  work  is  to  investigate 
the  thermal  stability  of  these  PdGe/Ge /GaAs 


ohmic  contacts,  in  order  to  test  their  possi¬ 
ble  application  as  source  and  drain  contacts 
in  power  MESFET's.  Actually  in  such  devices 
the  temperature  increase  during  operating  life 
raises  severe  reliability  problems  concerning 
the  stability  of  the  metallization  electrical 
properties;  their  degradation  gives  rise  to  a 
decrease  in  the  performances  of  the  device  and 
eventually  to  catastrophic  failure  [3). 

2.  EXPERIMENTAL 

2.1.  Sample  preparation 

Semi insulating  <100>  GaAs  substrates  with  a 
17  —3 

n-doped  (n'vlO  cm  )  active  layer  0.3  pm 
thick  were  chemically  cleaned  with  TCE, acetone 
and  isopropyl  alcohol,  rinsed  in  HClrHgO  1:1 
solution  and  eventually  in  deionized  water, 
prior  loading  in  an  oil-free  vacuum  system.  A 

o 

base  pressure  of  2x10  Torr  was  reached  be¬ 
fore  evaporating  50  nm  Pd  and  130  nm  Ge  in  the 
GaAs/Pd/Ge  configuration.  Two  different  evapo¬ 
ration  runs  were  performed  in  order  to  test 
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the  repeatibility  of  the'  experimental  results 
on  different  sets  of  samples.  All  samples  were 
annealed  at  325°C  for  30  min  in  a  flowing  for¬ 
ming  gas  furnace  (15%  H^,  85%  N^)  to  achieve 
the  Ge  solid  phase  epitaxy  as  shown  in  Section 
3.1.  Accelerated  aging  of  the  samples  was  ob¬ 
tained  by  subsequent  annealings  at  300®C  up  to 
200  hours  in  the  same  furnace. 

2.2.  Electrical  and  microstructural  meas¬ 
urements 

After  the  metal  deposition,  two  different 
sample  structures  were  prepared  by  using  a 
conventional  lift-off  technique  in  order  to 
perform  Transmission  Line  Model  (TLM)  [4  j  meas¬ 
urements  of  the  contact  resistivity  pt  and  of 
the  average  channel  resistance;  in  the  two  test 
patterns  the  pad  separation  ranged  from  2  to  42 
pm  and  from  5  to  25  pm,  respectively,  and  the 
pad  width  was  200  and  50  pm,  respectively.  The 
pad  separations  and  widths  were  measured  for 
each  sample  by  using  a  calibrated  optical  micro 
scope . 

Measurement  of  p  on  patterned  samples  and  3 
4  ++  T 

MeV  He  Rutherford  Backscattering  Spectrome¬ 
try  (RBS)  analyses  of  samples  with  extended 
metallization  were  performed  after  each  thermal 
treatment.  Cross-sec tionai  Transmission  Elec¬ 
tron  Microscopy  (TEM)  and  surface  Scanning  Elec 
tron  Microscopy  (SEM)  observations  were  perfor¬ 
med  only  on  selected  samples. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Contact  formation 

The  interfacial  structure  of  the  metal/GaAs 
contact  has  been  investigated  by  RBS  and  TEM. 
The  RBS  spectra  of  an  as  deposited  and  a  325°C 
30  min  annealed  GaAs/Pd/Ge  sample  are  shown  in 
Fig.  1.  In  the  annealed  sample,  Pd  reacted  with 
Ge  resulting  finally  in  the  stoichiometric  PdGe 
layer  at  the  sample  surface,  as  indicated  by 
the  relative  heights  of  the  Pd  and  Ge  signal  in 
the  RBS  spectrum.  In  the  TEM  micrograph  of  the 
annealed  sample  reported  in  Fig.  2a,  the  160  nm 
thick  PdGe  layer  shows  a  columnar  structure, 
with  grains  grown  perpendicularly  to  the  sur¬ 
face.  At  the  bottom  of  the  sane  figure,  the 


Fig.  1  Rutherford  Backscattering  spectra  of 
3  MeV  4He  ion6  at  a  170°  scattering 
angle  for  a  GaAs/Pd  (50  |im)/Ge  (130 
nm)  sample  before  and  after  annealing 
at  325®C  for  30  min. 


GaAs  substrate  appears  dotted,  due  to  arti¬ 
facts  induced  by  the  ion  milling  thinning  of 
the  sample  for  the  TEM  analysis.  A  20  nm  thick 
layer  is  present  between  PdGe  and  GaAs;  by  com 
parison  to  the  RBS  spectrum  reported  in  Fig.l, 
this  layer  has  to  be  attributed  to  Ge,  epita¬ 
xially  grown  on  GaAs  as  reported  by  Marshall 
et  al.  [2],  The  Ge  layer  is  not  uniform  in 
thickness,  but  it  shows  no  extended  defect 
such  as  stacking  faults,  previously  observed 
in  similar  structures  by  Sawada  et  al.  [5]. 
The  Ge/GaAs  heterointerface  is  planar  and  ab- 
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rupt  to  within  about  50  A,  while  several  well¬ 
shaped  micrograins  appear  at  the  PdGe/Ge  inter 
face,  which  cannot  be  attributed  for  sure  to 
Ge  nor  to  PdGe.  SEM  observations  of  the  con¬ 
tact  surface  after  the  325 ®C  30  min  annealing 
revealed  a  smooth  and  featureless  morphology, 
with  an  excellent  edge  definition. 

Therefore,  the  325®C  30  min  annealing  in¬ 
duces  the  whole  consumption  of  free  Pd  in  PdGe . 
The  residual  Ge,  not  involved  in  the  compound 
formation,  is  transported  through  Ge  and  grows 
epitaxially  on  the  GaAs  substrate,  as  depicted 
on  the  top  of  Fig.  1,  due  to  the  lower  free 
energy  of  the  crystalline  Ge  in  comparison 
with  the  amorphous. 

The  contact  resistivity  of  the  325®C  30  min 
annealed  patterned  samples,  measured  by  the 
TLM  method,  gave  an  average  value  P^O.16 
Ohm-mm  with  a  data  spread  of  0.04  Ohm-mm  over 


Fig.  2  Transmission  electron  micrograph  of  a 
cross-sectional  view  of  a  GaAs/Pd/Ge  sample 

a)  annealed  at  325°C  for  30  min; 

b)  annealed  at  325°C  for  30  min  and  sub¬ 
sequently  at  300°C  for  188  hours. 

25  different  samples.  Such  a  low  contact  re¬ 
sistivity  is  probably  induced  by  the  formation 
of  a  thin  n+-GaAs  layer  at  the  GaAs/Ge  inter¬ 
face,  due  to  Ge  diffusion  in  GaAs,  as  suggested 
b.  Marshall  et  al.  [6].  Thus  a  dominant  tun¬ 
neling  conduction  mechanism  results  at  the 
GaAs/Ge  interface,  with  no  spiking  effect  in 
the  current  transport  ensured  by  the  homogene¬ 
ity  of  such  interface  over  the  contact  area. 

3.2.  Contact  stability 

The  thermal  stability  of  the  GaAs/Ge/PdGe 
ohmic  contact  was  investigated  by  subsequent 
thermal  treatments  at  300°C  on  different  sets 


of  samples.  These  annealings  induced  a  fast 
increase  of  the  contact  resistivity  during  the 
first  50  hours,  followed  by  a  alow  Increase  up 
to  a  value  of  about  0.30  Ohm-mm  after  200 
hours,  as  shown  in  Fig.  3.  No  increase  of  the 


Fig.  3  Contact  resistivity  as  a  function  of 
annealing  time  at  300 °C ,  for  samples 
previously  annealed  at  325°C  for  30 
min.  Different  symbols  correspond  to 
different  sets  of  samples. 

data  spread  has  been  observed  after  the  long 
term  treatments,  even  though  different  pat¬ 
terned  structures,  prepared  in  different  exper 
imental  runs,  were  used.  At  the  same  time,  no 
systematic  increase  of  the  channel  resistance 
was  observed  in  the  300°C  annealed  samples. 
RBS  measurements  and  SEM  observations  on  the 
long  term  annealed  samples  detected  no  notices 
ble  variations  after  the  prolonged  thermal 
treatments  in  comparison  with  the  as  prepared 
(325°C  30  min)  samples.  No  major  reaction  de¬ 
veloped  during  the  300°C  treatments  involving 
either  GaAs,  Ge  or  PdGe. 

TEM  micrographs  of  an  as  prepared  sample 
and  of  a  sample  heated  at  300°C  for  188  hours 
are  reported  in  Fig.  2  ,  showing  once  more 
that  no  large  modification  affected  the  PdGe 
layer  nor  the  GaAs/Ge  interface.  However,  an 
appreciable  modification  of  the  PdGe/Ge  inter¬ 
face  appears  involving  the  number,  shape,  and 
probably  also  atomic  density  of  the  micro¬ 
grains,  with  respect  to  the  as  prepared  sample. 
The  thickness  of  the  Ge  is  moreover  slightly 
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reduced  as  shown  in  Fig.  2b. 

The  correlation  between  the  PdGe/Ge  inter¬ 
face  modifications  and  the  slight  Ge  thickness 
reduction,  and  the  increase  of  the  contact 
resistivity,  is  not  straighforward .  However, 
the  formation  of  a  resistive  layer  between  PdGe 
and  Ge,  and/or  a  local  modification  of  the  band 
structure  due  to  the  narrowing  of  the  Ge  layer 
may  be  the  likely  origins  of  the  pt  increase. 
Work  is  in  progress  in  order  to  determine  the 
crystalline  structures  and  compositions  of  the 
micrograins  at  the  PdGe  interface. 

4.  CONCLUSIONS 

GaAs/Pd/Ge  metallization  structure  gives  low 
resistivity  non-alloyed  ohmic  contacts,  based 
on  the  epitaxial  growth  of  a  Ge  layer  between 
GaAs  and  PdGe  induced  by  a  thermal  treatment 
at  325°C  for  30  min.  A  planar  metal/GaAs  inter¬ 
face  is  preserved  after  the  solid  phase  epitaxy 
process,  as  well  as  a  good  edge  definition, 
which  make  this  contact  useful  for  shallow 
junction  and  small  size  device  applications, 
A  very  low  data  spread  was  also  observed  in 
different  experimental  runs,  confirming  the 
easy  reproducibility  and  uniformity  of  such  a 
low  resistivity  contact  across  a  wafer.  Upon 
300°C  annealings,  the  contact  resistivity  in¬ 
creased  from  a  starting  value  of  0.16  Ohm-mm 
up  to  0.30  Ohm-mm  after  200  hours  with  no  in¬ 
crease  in  the  data  spread.  The  resistivity  in¬ 
crease  can  be  correlated  to  micros true tur el 
modifications  at  the  PdGe/Ge  interface. 
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The  development  of  an  Au-WSij-Ge  ohmic  contact  on  GaAs  for  highly  stable  devices  is 
reported.  Coplanar  interelectrode  material  migration  is  minimized  by  a  technology 
leading  to  oxygen-poor  GaAs  surfaces. 


The  life-times  of  GaAs  devices,  such  as  FETs 
and  led's,  depend  strongly  on  the  stability  of 
their  metal  electrodes,  i.e.  Schottky-,  ohmic 
and  heat  sinking  contacts.  Two  important 
effects  have  been  considered  in  detail  here, 
namely 

i.  the  long-term  interdiffusive  effects  of 
metal  sandwiches  and 

ii.  the  electric-field  stability  of  electrode 
edges  concerning  in  particular  metal 
migration  between  closely  spaced  neighbour¬ 
ing  electrodes. 

Regarding  the  first  case,  it  is  well  known  that 
certain  metals  such  as  Au  or  Ni  must  not  inter¬ 
act  with  GaAs  since  an  exchange  process  involv¬ 
ing  particularly  Ga  causes  a  slow  deterioration 
of  the  contact  quality.  Therefore,  a  diffusion 
barrier  based  on  WSi 2  was  selected  by  us  after 
careful  evaluation  of  the  available  experi¬ 
mental  data  and  various  contact  sandwiches  in¬ 
volving  this  barrier  were  fabricated.  In  part¬ 
icular,  a  highly  stable  ohmic  contact  was  made 
using 

(i)  e-beam  evaporated  100  nm  Ge  (as  dopant 
after  annealing  at  above  500°  C); 

(ii)  100  nm  WSi2  sputter  deposited  and 

( 1 1 i )  a  layer  of  Au  (Fig  1). 

The  ohmic  behaviour  is  demonstrated  by  Fig.  2. 
Using  transmission  line  and  sidewall  resistor 
methods,  (giving  both  specific  resistances 


-5  2 

better  than  5  .  10  ilcm  for  nGaAs  with  n  * 

16  -3 

10  cm  ,  Si  doped),  and  based  on  XPS  studies 
involving  Ar+  ion  etching  (Fig.  3  +  4),  we 
established  that  up  to  values  higher  than  460°C 
no  modification  of  the  contact  resistance  or 
the  compositional  profile  could  be  observed, 
even  after  prolonged  thermal  stressing  for  more 
than  200  hours.  The  W  profile  of  the  XPS  data 
remains  stable  with  respect  to  the  WSi2-Ge  in¬ 
terface  up  to  temperatures  of  510°  C. 


Au  (lOnm) 
WSi2  llOOnm) 
Gt  (100 nm} 

bulk  GaAs 


FIGURE  1 

Structure  of  the  metallization  used 


FIGURE  2 

I/V  characteristic  of  two  circular  patterns 
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the  various  thin-film  depositions. 


Figure  3 

XPS-sputter  profile  of  a  sample  annealed  at 
460°  C  for  1  hour 


Figure  4 

XPS-sputter  profile  of  a  sample  annealed  at 
610°  C  for  1  hour 


This  work  shows  that  it  is  possible  to  pro¬ 
duce  reliable  contacts  on  GaAs  operating  even 
at  elevated  temperatures  in  contrast  to  common¬ 
ly  employed  ohmic  contacts  of  AuGeNi  and 
others. 

Regarding  the  effect  (ii),  interelectrode 
material  transport  In  unpassivated  and  in 
PECVD-S13N4-passivated  GaAs  planar  structures 
was  studied.  Metal  migration  between  the  elec¬ 
trodes  due  to  the  application  of  an  electric 
field  was  found  to  depend  strongly  In  both 
cases  on  the  GaAs  surface  condition  prior  to 
structure  deposition.  Alkaline  etchants  are 
found  to  be  superior  to  acidic  ones  to  termi¬ 
nate  the  treatment  of  the  GaAs  surface  before 


XPS  studies  have  shown  that  the  onset  of 
material  migration  is  directly  proportional  to 
the  amount  of  AsgOj  on  the  GaAs  surface  (Fig. 5). 
The  best  results  were  achieved  with  an  ammonia 
treatment  of  the  GaAs  surface,  whose  composit¬ 
ional  development  is  given  by  Fig.  6.  Fig.  7 
shows  a  scanning-electron  micrograph  of  an  in¬ 
terelectrode  short  circuiting  bridge.  Fig.  8 
illustrates  the  areas  of  interest.  This  MeSFET- 
type  structure  consists  of  two  metal  contacts 
on  GaAs.  The  positively  biased  ohmic  contact  at 
the  left  side  of  the  Figures  is  a  AuGeNi-alloy, 
the  Schottky  contact  at  the  right  side  consists 
of  Al. 

Eltctrria 

fetuca/tia 


Figure  5 

Threshold  voltage  for  material  migration  versus 
XPS-ratio  As  (oxide)  :  As  (GaAs) 

Al2»y}  Bfl  Z#vi  *l34  MM 


Figure  6 

XPS-spectra  of  (lOO)-GaAs  surfaces  treated  by 
NH4OH  (25  *)  :  H2O2  (30  %)  :  H2O  with  the  ratio 
2  :  1  :  300 
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Figure  7 

SEM  micrograph  of  interelectrode  short-circuit¬ 
ing  bridge 


Oropliti  dai 
to  material 
accvmstation 


matfria!  - 
-  mifratiw 
line* 


Figure  8 


Illustration  of  interelectrode  short-circuiting 
bridge  according  Fig.  7 


A  passivation  layer  does  not  prevent  mirgra- 
tion  entirely.  Fig.  9  shows  an  electrode  gap 
consisting  of  two  AuGeNi  contacts  passivated  by 
Si 3^4*  Mi gration  took  place  from  the  positively 
to  the  negatively  biased  electrode.  It  seems 
that  the  locality  of  migration  is  the  interface 
between  the  GaAs  surface  and  the  Si^N^-layer. 
This  point  seems  to  be  confirmed  by  other  ob¬ 
servations. 

We  obtained  satisfactory  Si-jN^-GaAs  inter¬ 
faces  if  we  applied  an  ammonia  plasma-treatment 
before  Si-jN^  deposition  to  the  GaAs  surface. 
This  treatment  was  performed  in  the  same  react¬ 
or  and  with  the  same  conditions  as  for  Si3N4 
plasma  deposition,  but  the  silane  input  simply 
switched  off. 

It  is  thus  possible  to  select  an  optimized 
technology  to  reduce  material  instabilities  due 
to  electric  fields  between  closely  spaced 
electrodes. 


Fig.  9 

SEM  micrograph  of  interelectrode  short-cicuit- 
ing  bridge  of  PECVD-Si-N,  passivated  device. 
Angle  of  tilt  is  75°  J 
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Effects  of  high  current  density  and  temperature  closely  combine  to  degrade  power 
MESFETs  during  their  operating  life  in  radio-link  systems.  To  understand  failure 
mechanisms  and  distinguish  between  those  accelerated  by  high  current  and/or  by 
temperature,  we  have  performed  various  dc  tests  and  measured  thermal  resistance 
and  thermal  maps  of  tested  devices. 


1.  INTRODUCTION 

The  reliability  of  microwave  communication 
systems  markedly  depends  on  the  long  term 
stability  of  GaAs  power  MESFET 's.  Degradation 
of  these  devices  has  been  observed  both  in 
field  applications  and  after  rf  or  dc 
accelerated  tests. 

In  real  applications,  burn-out  is  the 
dominant  failure  mode;  however,  owing  to  its 
catastrophic  nature,  the  phenomenon  has  not 
been  clearly  understood.  Rf  accelerated  tests 
are  closer  to  real  operating  conditions  of 
devices,  but  do  not  enable  the  effects  of 
different  acceleration  factors  and  in 
particular  of  high  current  density  and  high 
temperature  to  be  evidentiated. 

In  the  framework  of  a  large  program  aiming 
at  evaluating  the  reliability  of  commercially 
available  power  MESFET 's  of  different 
technologies  and  suppliers,  we  ran  various  dc 
accelerated  tests  over  10000  hours  and  measured 
thermal  resistance  and  thermal  maps  of  tested 
devices.  Part  of  the  results  obtained  were 
previously  reported  (1,2).  Here  the  attention 
is  focused  on  the  results  of  dc  accelerated 
tests  which  enabled  us  to  distinguish  between 
failure  mechanisms  accelerated  by  high  current 
density  or  by  high  temperature  and  to 
understand  degradation  effects  observed  when 
these  two  accelerating  factors  are  closely 


combined. 

To  this  end,  different  dc  tests  were  run, 
including: 

i)  High  Forward  Gate  Current  (HFGC)  test  at 

T  *  200  °C  and  j  =  5  105  A/cm2  through  the 

section  at  the  beginning  of  each  gate  finger 
which  was  forward  biased.  Temperature  increase 
of  the  device  due  to  power  dissipation  during 
this  test  was  very  limited  (  3  °C),  so  that  Tch 
=  T  =  200  °C.  This  test  enabled  us  to 

C&86 

evidentiate  electromigration  effects  in  gate 
fingers . 

ii)  High  Temperature  Storage  (HTS)  test  at 
TCaSe=2®®  °c  without  bias,  in  order  to 
evidentiate  failure  mechanisms  accelerated  by 
temperature  only. 

iii)  DC  Operating  Life  (DCOL)  tests  at 
different  channel  temperatures  up  to  250  °C.  In 
these  tests  devices  were  biased  at  the 
operating  point,  so  that  the  increase  of 
temperature  due  to  the  dissipated  power  was 
significant,  and,  as  a  consequence,  high 
current  and  high  temperature  were  combined  as 
accelerating  factors.  In  order  to  understand 
the  results  of  these  tests,  thermal  resistance 
and  thermal  maps  of  devices  were  measured. 
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2.  FAILURE  MECHANISMS  INDUCED  BY  HIGH  CURRENT 
DENSITY 

2.1  Electromigration  of  Al-gate  fingers 

A  gate  current  density  of  5  105  A/cm2 

caused  electromigration  in  Al-gated  devices 
even  after  only  1000  hours  of  HFGC  test.  As 
shown  in  Fig.  1,  the  A1  finger  interruption  can 
be  clearly  observed  with  both  secondary 
electron  SEM  (Fig.  la)  and 

electron-beam-induced  current  (EBIC)  techniques 
(Fig.  lb).  Most  interruptions  occur  at  the 
beginning  of  .the  fingers,  where  the  current 
density  is  higher  (1)  and  the  metallization 
could  be  thinner  owing  to  the  mesa  step.  From 
the  electrical  point  of  view  this  phenomenon 
prevents  pinch-off  being  achieved  and  increases 
the  gate  series  resistance. 


Fig.  1  a)  SEM  image  of  Al-gate  finger  breakage 
due  to  electromigration,  after  1000  h  of  HFGC 
test;  b)  EBIC  image  of  same  finger. 

2.2  Al/GaAs  interaction  with  increase  of 
barrier  height 

Al-gate/GaAs  interaction  -was  observed 
during  HFGC  tests  and  causes  an  increase  of  the 
barrier  height  from  0.80  +/-  0.05  eV  to  0.97 
+/-•  0.01  eV  even  after  only  24  hours,  Fig.  2. 
This  effect  does  not  occur  in  pure  thermal 
tests  (1)  and  appears  to  be  due  to  the 
formation  of  an  AlxGa^_xAs  at  the  interface. 
The  growth  of  this  layer  is  markedly  enhanced 
by  high  current  density  through  the  junction, 
5.4  10®  A/cra2  for  the  HFGC  tested  sample  of 
Fig.  2. 


Fig.  2  Activation  energy  plot  for  the 
measurement  of  barrier  height  of  Al-gate 
MESFETs  before  and  after  24  h  of  HFGC  test. 

2.3  Ohmic  contact  electromigration 

High  j  through  ohmic  metallizations 
induces  Au  electromigration  at  the  drain 
contacts,  Fig.  3.  The  SEM  images  of  Fig.  3b 
and  c)  refer  to  drain  contacts  of  the  device 
after  5000  hrs.  of  DCOL  test  with  Tch  =  200  »C 
and  j  =  5.3  105  A/ cm2  across  drain  finger. 

Gold  removal  at  the  end  and  accumulation  at  the 
beginning  of  the  drain  finger  are  evident,  in 
agreement  with  electron  wind. 

ALLOYED 

OHMIC  20/im 

CONTACTS  " - ' 


Fig.  3  a)  Schematic  diagram  of  electron  wind 
along  drain  finger;  b),  c)  SEM  images  of  a 
drain  contact  on  a  device  thBt  endured  5000  h 
of  life  testing  at  Tch  =  200  °C  and  J  »  5.3  105 
A/ cm2. 
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3.  FAILURE  MECHANISMS  INDUCED  BY  THERMAL  STRESS 

In  devices  with  gate  metallization  baaed 
on  Au  (Ti/Au,  Ti/M/Au,  Ti/Pd/Au  ,  Ti/Pt/Au, 
etc.),  major  reliability  problems  arise  owing 
to  Au  interdiffusion  through  barrier  layers. 
This  process  is  mainly  thermally  activated  and 
leads  to  a  gate  metallization  "sinking"  into 
the  underlying  GaAs,  causing  a  reduction  of 
effective  channel  height,  with  a  consequent 
increase  of  the  open  channel  resistance  RQ  and 
a  decrease  of  1^  and  of  pinch-off  voltage  Vp. 
We  observed  this  failure  mechanism  in  all 
devices  stressed  in  HTS  test  (2). 

4.  ANALYSIS  OF  THERMAL  INHOMOGENEITIES 

DC  Operating  Life  test  as  well  as  rf  tests 
and  in-field  operating  conditions  do  not  allow 
an  easy  understanding  of  degradation  induced  by 
current  density  or  by  temperature  alone.  In 
fact,  when  the  device  is  biased  in  the  above 
mentioned  conditions,  thermal  gradients  may 
arise,  due  to  local  differences  in  the  heat 
dissipation. 

Local  inhomogeneities,  both  thermal  and 
structural,  strongly  affect  the  hardness  of 
devices  against  either  electromigration  and 
interdiffusion  and  are  of  dramatic  importance 
in  GaAs  MESFET's  owing  to  their  small 
geometries.  In  fact,  in  devices  which  failed  in 
DCOL  tests,  not  only  is  degradation  faster, 
but  also  failure  sites  are  differently 
distributed. 

The  evaluation  of  the  channel  temperature 
Tch,  including  the  effect  of  power  dissipation 
is  usually  performed  by  means  of  thermal 
resistance  measurements  employing  AV^g  method 
(3).  However,  owing  to  the  modular  structure  of 
the  devices  and  the  possible  presence  of 
defects,  the  junction  temperature  across  the 
chip  active  area  is  inherently  non-uniform.  As 
a  consequence,  it  is  not  clear  whether  the  Tch 
values  obtained  by  means  of  the  Rth  method 
refer  to  the  average  temperature  on  the  mesa 
area  or  on  the  gates  area,  or  include  the 
possible  presence  of  hot  spots  along  the  gate 
fingers . 

Thermal  behaviour  of  biased  devices  was 
then  analyzed  by  means  of  a  high  resolution  IR 
microscope,  Barnes  CompuTherm,  which  allows  a 
temperature  sensitivity  better  than  0.5  °C,  a 
spatial  resolution  =  15 vm  and  the  automatic 
correction  of  surface  emissivlty;  the 
microscope  provides  digital  maps  (128xl2S 
pixels)  snd  line  profiles,  and  calculates 


average  values  of  temperature  on  arbitrarily 
defined  areas  of  the  chip. 

Results  were  compared  with  Tm^_  values 
obtained  by  Rth  measured  with  the  method. 
The  main  features  are: 

a)  In  devices  with  extremely  low  values  of  R^, 
few  °C/W,  and  with  excellent  thermal 
uniformity,  the  average  temperatures  of  the 
mesa  and  of  the  gate  areas  differ  only  by  few 
°C  and  are  approximately  equal  to  Tch> 

b)  In  some  devices  which  show  higher  values  of 
R^ ,  marked  differences  appear  between  the 
average  temperature  of  chip ,  mesa  and  gate 
areas,  and  strong  local  thermal  gradients  along 
the  gate  finger  as  reported  in  Table  I. 
Furthermore,  in  these  devices  T_,_(AV _ )  is 

Crl 

higher  than  the  average  temperature  of  mesa  and 
gates  area  and  approaches  the  maximum  values 
obtained  along  the  gate  fingers. 

TABLE  I 


R..  (measured  by  AV  method)  =  49.2  °C/W 
th  gs 

Dissipated  power  Pd  =  980  mW 


T 

-.case 

T 

ch 

ZONE 

=  31.' 

T 

case 

7  °C 

+  R  P  = 
th  d 

T 

average 

Four  gates  device 
=  79.9  °C 

(°C)  T  (»C) 

max 

CHIP 

45.9 

MESA 

48.6 

GATES 

GATES 

1-2 

3-4 

65.5 

62.6 

GATE 

1 

73.2 

81.4 

GATE 

2 

76.6 

85.6 

GATE 

3 

73.7 

80.4 

GATE 

4 

73.3 

81.0 

Figs.  4 

and 

5  report 

the  temperature  profiles 

measured 

by 

means 

of  IR  microscope 

perpendicularly  and  across  gate  finger  in  one 
of  these  devices.  Temperature  profiles  taken 
along  gate  width  show  that  the  hottest  area  is 
located  at  the  beginning  of  gate  finger,  where 
the  current  density  and  the  power  dissipation 
is  higher.  This  explains  why  electromigration 
and  Al-gate  interruption  normally  occurs  at 
this  site. 
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enhanced  in  the  central  area  of  the  gate,  as 

shown  in  Fig.  6  for  a  Ti/Au  gated  MESFET  after 

4000  hrs.  of  DCLT  at  T  =  200  °C.  The  three 

ch 

magnified  SEM  micrographs  of  the  rear  side  of 
the  gate  contact,  after  the  removal  of  GaAs, 
reported  in  Fig.  6b,  clearly  show  that  the 
strongest  interaction  occurred  in  the  central 
zone  of  gate  finger. 


Fig.  6  SEM  micrograph  of  gate  finger  of  a 

MESFET  after  4000  h  DCOL  test  at  T  ,,=200  °C.  a) 

cn 

Rear  side,  b)  Magnified  zones. 

5.  CONCLUSIONS 


Fig.  4  Temperature  profile  measured 
perpendicularly  to  the  gate  fingers. 
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Degradation  mechanisms  induced  by  high 
current  density  (electromigration  in  Al-gate 
fingers,  Al/GaAs  interaction  with  a  consequent 
Increase  in  barrier  height,  Au  drain 
electromigration)  and  by  temperature  only  (Au 
metal  gate/GaAs  interdiffusion)  were  identified 
by  means  of  dc  accelerated  tests. 

In  real  applications  both  accelerating  factors, 
T  and  j,  are  combined,  and  local  thermal 
inhomogeneities  markedly  influence  the  device 
failure  mechanisms. 

High  resolution  IR  microscopy  enables  to 
understand  degradation  phenomena  and  to  verify 
that  in  devices  with  high  Rth  values  the 
calculated  Tch(  V  value  approaches  the 
highest  temperature  measured  along  gate  width. 

Work  partially  supported  by  CNR,  P.F.  MADESS 
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After  more  than  ten  years  of  research  and  development  in  many  laboratories,  GaAs  logic  inte¬ 
grated  circuits  are  becoming  available  for  high  speed  logic  applications.  Reliability  is  one  of 
the  requirements  needed  for  their  introduction  in  systems  and  this  is  the  purpose  of  this  contri¬ 
bution. 


1.  INTRODUCTION 

In  order  to  find  the  degradation  mechanisms 
and  establish  the  reliability  of  such  devices, 
we  have  carried-out  life  tests  on  drop-in  chips 
processed  on  the  same  wafers  as  high  frequency 
dividers.  (The  basic  logic  gate  configuration 
is  the  Buffered  FET  logic  (BFL)). 

A  drop-in  chip  contains  various  test-patterns 
(FETs,  diodes,  site-gate  pattern,  isolation  and 
metallisation  patterns,  etc...)  developped  for 
the  process  control  and  also  to  study  the  para¬ 
sitic  effects. 

100  chips  issued  from  three  wafers  have  been 
mounted  in  dual-in-line  ceramic  packages  (DU. 
24),  the  pattern  bond  pads  being  connected  to 
the  pins.  Such  packaging  allowed  us  to  conduct 
biased  life  tests  appropriate  to  each  test-pattern. 
A  set  of  thirty-five  DC  parameters  was  measured 
on  the  drop-in  chips  over  the  whole  aging  expe¬ 
riment  with  an  automatic  test  equipement. 

No  major  degradation  has  been  observed  on 
the  metallisation  patterns,  ohmic  contacts  and 
Schottky  gate.  This  means  that  the  improvements 
made  on  the  metallurgy  of  GaAs  discrete  devices 
have  been  successfully  transferred  to  the  GaAs 
IC  technology.  The  isolation  provided  by  the 
5000  A  thick  PECVD  SI^N^  layer  between  the  two 
TiPtAu  metallisation  levels,  did  not  change 
during  aging.  A  slight  increase  has  been  measured 
on  the  side-gating  threshold  voltage. 

However  degradations  have  been  identified 
and  investigated  on  the  FETs. 


2.  FAILURE  MECHANISMS  STUDY 

The  degradations  can  be  separated  into  two 
types  : 

(a)  Some  FETs  presented,  at  the  origin, 
high  gate-to-drain  and/or  gate-to-source  leakage 
currents  and  they  have  not  been  driven  in  life- 
tests. 

(b)  The  others  FETs  (with  no  leakage)  have 
been  aged.  Short  circuits,  mainly  between  gate 
and  drain,  occured  under  biased  life-tests, 
indicating  the  degradation  is  elecric-field  induced. 

Aged  and  not-aged  devices  have  been  then 
analyzed  and  the  following  results  can  be  repor¬ 
ted  : 

1  -  Leakages  and  shorts  were  due  to  conductive 
paths  (maximum  width  =  0.5  pm)  developping  bet¬ 
ween  the  gate  and  ohmics  contacts,  at  the 
GaAs  surface,  in  the  access  regions. 

2  -  These  paths,  which  are  invisible  using 
the  classical  SEM  observation  and  the  associated 
EBIC  mode,  have  been  identified  using  Scanning 
Optical  Microscopy  (SOM)  [1]  and  the  associated 
Optical  Beam  Induced  Current  mode  (OBIC). 
Such  investigation  is  non-destructive  for  GaAs. 
Moreover,  as  the  optical  absorption  in  a  semicon¬ 
ductor  is  related  to  the  wavelength  (X),  the  paths 
have  been  located  at  a  maximum  depth  of 
a  500  A  into  GaAs  by  using  X  =  442  nm  (HeCd 
laser),  (see  Fig.  1). 

3  -  High  resolution  Auger  analysis  [2]  (spot 
size  »  1000  -  2000  A)  have  been  then  conducted 
(see  Fig.  2)  after  "in-situ"  etching  of  the  SijN^ 
layers.  Spectrum  (1)  has  been  taken  at  the  GaAs- 
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FIGURE  1 

SOM  views  of  a  "path"  between  gate  and  drain  : 
(a)  reflected  mode  ;  (b)  OBIC  mode. 


RF  sputtered  Si^N^  interface,  (this  Si^N^  layer  was 
used  as  implantation  cap  and  selectively  open 
for  the  gate  recess),  far  from  the  active  area  :  it 
shows  high  amounts  of  oxygen  and  arsenic.  These 
amounts  strongly  increase  when  the  analysis 
is  driven  on  a  "path"  existing  on  FETs  at  the 
origin,  i.e.  before  aging  (spectrum  (2a)).  After 
aging,  the  signature  of  gold  (69  eV)  is  also  found. 

4  -  Presence  of  oxygen,  at  the  GaAs-RF 
sputtered  SijN^  interface,  has  been  confirmed 
using  Secondary  Ion  Mass  Spectrometry  (SIMS), 
(Fig.  3).  Sulfur  (S)  is  also  clearly  detected  at 
the  same  interface,  ffegarding  the  results  of  physical 
analysis,  the  following  mechanisms  could  be 
involved  :  (i)  at  the  origin  :  the  path  can  be 
created  by  the  gradual  release  of  As  due  to 
a  GaAs  oxidation  mechanism  during  processing  : 

AS2O2  +  2GaAs  -*•  Ga20j  +  4  As  [3] 

and  the  conduction  made  through  a  thin  layer 
of  elemental  metallic  As,  [4],  (ii)  during  aging  :  an 
electric-field  induced  migration  of  electrode 
material  (Au  from  the  ohmic  contacts)  -  depending 
strongly  of  the  presence  of  As  oxide  (surface 
not  perfectly  treated  with  sulfurious  acid  solution. 


energy  (eV) 


FIGURE  2 

Auger  analysis  !  (1)  far  from  the  active  area  ;  (2a)  on  a  "path  at  the  origin  5  (2b)  on  a  "path"  after  aging. 
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as  suggested  by  the  presence  of  sulfur  -  Pig.  3), 
[5],  created  the  path. 

3.  THE  GATE-LAG  EFFECT 

The  gate-lag  effect  corresponds  to  a  drain- 
current  transient  in  response  to  a  voltage  pulse 
on  the  gate  with  little  drain-to-source  voltage 
(Vd$)  variation.  Although  several  research 
groups  are  studying  this  parasitic  effect  limiting 
the  performances  of  GaAs  devices,  few  results 
have  been  published  until  now  [6],  [7].  Fig. 
4  shows  the  electrical  schematic  of  the  measu¬ 
rements  we  have  performed  on  the  FETs.  The 
gate  is  switched  form  the  pinch-off  voltage 
to  The  pulse  width  can  vary  in  the  range 

1  ps  to  several  seconds  with  10  %  repetition 
rate.  The  drain  current  response  is  measured 
through  Rc. 

Fig.  3a  represents  the  rising  edge  part  of 
the  gate  pulse.  Fig.  5b  is  the  corresponding 
drain  current  response  before  aging  :  the  static 
value  of  (7  mA)  is  instantaneously  reached. 

After  aging  (Fig.  5c),  the  drain  current  switches 
partially  on,  from  'ds  =  0  to  l^s  s  4  mA,  and 
then  lags  to  the  static  valve  of  (7  mA) 

with  a  time  constant  >  100ns.lt  is  obvious  that 
4  mA  is  the  maximum  drain  current  available 
for  microwave  operation.  Such  phenomenon 
can  affect  the  high  frequency  operation  of 
an  integrated  circuit,  when  the  gate  switches 
capacitively.  Surface  effects  are  involved  in 
this  degradation  mechanism  [6],  [7],  but  they 
are  not  well  understood  in  the  present  case. 


depth  (jjm) 


FIGURE  3 

SIMS  profiles  of  oxygen  and  sulfur 


4.  CONCLUSION 

Failure  mechanisms  have  been  investigated 
on  a  standard  GaAs  1C  technology  by  means 
of  physical  analysis.  Successful!  technological 
improvements  have  been  then  conducted. 


FIGURE  4 

Electrical  schematic  diagram  of  gate-lag  measure 
ment. 
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FIGURE  5 

Gate-lag  measurements  :  (a)  rising  edge  part  of  the 
gate  pulse  ;  (b)  drain  current  response  before  aging, 
and  (c)  after  aging. 
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Lov-nolae  HEMTs  ware  evaluated  for  reliability  by  oonduoting  high 
temperature  aooelerated  life  teats  and  examining  the  changes  in 
eleotrioal  oharaoteriatios  of  the  devioe  as  well  as  visual  signs  of 
degradation.  The  reliability  of  the  HEMTs  was  found  to  be  on  the  same 
level  as  that  of  conventional  GaAs  MESFETs,  and  no  degradation 
associated  with  the  unique  structure  of  the  HEMT  was  observed. 


1.  INTRODUCTION 

HEMTs  (High  Electron  Mobility 
Transistors)  for  low-noise  microwave 
applications  have  been  introduced  by 
various  manufacturers  and  are  expected 
to  eventually  replace  the  conventional 
GaAs  MESFETs  in  small-signal  front-end 
applications . 

The  current  HEMTs  employing 
AlGaAs/GaAs  hetero junction  structures 
have  demonstrated  performance  superior 
to  the  best  available  MESFETs  today, 
with  minimum  noise  figures  well  under 
1.0  dB  at  12GHz  and  1.5  dB  at  18  GHz 
Cl], [2]. 

HEMTs  have  a  more  complicated 
structure  than  conventional  MESFETs, 
and  this  paper  describes  the  results  of 
high  temperature  storage  tests.  The 
data  described  here  Include  performsnoe 
of  actual  HEMTs  (200-mioron  wide, 
0.5-mloron  long  gates)  under  high 
temperature  storage  (at  200°C,  up  to 
2000  hours),  as  well  as  observations  of 
various  physical  parameters  obtained 
from  process  monitor  elements  heated  to 
300°C. 


2.  DEVICE  FABRICATION 

The  cross-sectional  structure  of  a 
typical  low-noise  microwave  HEMT  with 
AlGaAs/GaAs  hetero Junctions  and 
AlAs/GaAs  underlying  super  lattice 
structures  is  depioted  in  Fig.  1.  A 
photograph  of  a  200-mioron  wide  chip  is 
Shown  in  Figure  2. 

The  epitaxial  growth  necessary  for 
the  formation  of  the  HEMT 
heterojunction  and  superlattioe  is 
performed  by  MOCVD  using  trimethyl 
aluminum  (TMA),  trymethyl  gallium  (TMG) 
and  arsine  carrier  gas  (AsH^)  under 
atmospheric  pressure.  The  growth 
temperature  is  720°C  and  the  growth 
rate  is  about  24oS/min.  The  operation 
of  the  reactor  is  managed  by  an 
automated  sequence  controller, 
resulting  in  a  high  level  of 
reproducibility  and  uniformity  of  the 
epitaxial  growth  prooess. 

Hall  mobilities  of  the  two 
dimensional  electron  gas  of  the  aotual 
devioe  at  the  interface  are  8000  and 
30000  cm2/V-aeo  at  300  and  77  E, 
respectively,  with  an  undoped  AlGaAs 
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spacer  layer  of  10  2.  The  aobility  and 
the  sheet  carrier  oonoantratlon  of  the 
two  dimensional  elaotron  gas  are 
ooaparable  to  those  reported  using  MBS. 

A  high  nobility  and  a  low  sheet 
resistivity  of  the  two  dlaenslonal 
eleotron  gas  are  the  two  nost  Inportant 
paraaeters  for  the  realisation  of  low 
noise  BEMTs.  A  thin  super  lattloe 
buffer  of  alternating  undoped  AlAs  and 
OaAs  layers  and  a  10  2-tbick  undoped 
AlGaAs  spaoer  layer  were  Introduced  to 
satisfy  the  above  requirements  as  shown 
in  the  devioe  cross  section. 

The  aluminum  gate  metal  Is 
evaporated  at  an  angle  to  offset  the 
actual  Sohottky  contact  region  towards 
the  source  and  partly  overlap  onto  the 
spaoer  sidewall.  Thia  results  in  a 
reduction  of  the  effective  gate  length 
together  with  a  decrease  in  the  series 
gate  resistance  resulting  from  the  high 
oross-seotion-to  gate-length  ratio. 
The  Au-Qe/Hl  ohmic  metal  for  source  and 
drain  is  defined  by  standard  lift-off 
using  sllioon  nitride  as  the  lift-off 
spaoer.  All  currently  fabricated  BEMTs 
are  passivated  with  a  500  2  layer  of 
sllioon  nitride  after  the  definition  of 
the  gate  and  ohmlo  regions. 

3.  BI0B  TEMPERATURE  LIFE  TEST 

For  the  fabrication  of  BEMTs,  a  high 
purity  OaAs  layer  and  an  abrupt 
AlOaAa/OaAs  interface  are  required.  In 
addition,  the  uniformity  and  quality  of 
the  epitaxial  layers  must  be  well 
established.  To  date,  for  the 
fabrioation  of  senloonduotor  laser 
diodes  whloh  require  very  high 
reliability  to  assure  a  long  lifetime, 
only  LPB  and  MOCTD  have  been 


successfully  applied. 

Figure  3  shows  the  results  of 
high-temperature  (200°C)  storage  tests 
in  terms  of  the  devioe' a  RF  performance 
(noise  figure  and  associated  gain).  It 
can  be  seen  that  no  degradation  of 
either  parameter  oooura  at  200°C  even 
at  the  end  of  the  2000-hour  test 
period.  DC  parameters  were  also 
checked  and  found  to  be  unaffected. 

Once  it  became  clear  that  there  is 
no  measurable  degradation  at  200°C 
storage,  additional  tests  of  DC 
parameters  were  performed  at  300°C 
using  process  monitor  elements. 

Characteristics  of  the  Sohottky 
gate  suoh  as  the  oapaoltanoe  of  the 
built-in  Junction  (Co),  n-value  and 
forward  voltage  (V^)  do  not  show  any 
ohange  after  a  300°C,  150-hour  storage, 
as  shown  in  Fig.  4.  The  aluminum 
Sohottky  barrier  to  the  underlying 
n-doped  AlGaAs  is  thus  shown  to  be  a 
stable  gate  structure  for  the 
fabrioation  of  HEMTs. 

DC  parameters  of  the  HEMTs  such  as 
pinch -off  voltage  (Vp), 
transoonduotanoe  (On),  saturated  drain 
ourrent  (Idas)  are  also  unchanged  after 
the  300°C,  150-hour  test,  as  shown  in 
Figure  5.  These  data  indicate  that 
oontrary  to  some  reports  that  DC 
paraaeters,  particularly  Idss,  show 
fluctuations  and  require  a 
stabilisation  bake,  the  electrloal 
parameters  and  the  pbysloal  paraaeters 
of  the  BEMT  are  inherently  stable. 

The  sheet  resistivity  of  the  two 
dimensional  eleotron  gas  at  the 
interface  of  the  heterojunction  does 
not  ohange  after  the  300°C,  150-hour 
storage,  as  shown  in  Figure  6.  This 
indicates  that  any  interdlf fusion 
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between  Si,  Oa,  is  and  A1  atoas  at  the 
interface  does  not  give  adverse  effects 
to  the  2DEG  ohannel. 

i  nore  severe  test  of  the 
stability  of  the  heterojunotion  was 
done  by  aeasuring  the  aobililty  (u)  and 
the  sheet  carrier  density  (ns)  were 
after  30-ainutes  of  heat  treataent  at 
500,  600  and  700°C.  They  are  shown  in 


Fig.  7.  At  700°C  the  nobility 
decreases  and  the  carrier  density 
increases,  suggesting  possible  Si 
diffusion  froa  the  Si-doped  AlQaAs 
region  to  the  undoped  GaAs  layer. 


However  u  and  ns  reaaln  constant  up  to 

600°C.  At  the  end  of  the 

150-hour  test,  the  ohaio  oontaot 

resistance  however  does  show  a  gradual 

increase  indicating  a  deterioration  of 

the  ohalc  alloyed  region,  as  shown  in 

Fig.  8.  This  data  is  slailar  to  that 

observed  froa  standard  GaAs  HESFET 

ohaio  contacts  which  also  use  the 

AuGe/Nl  eutectic  alloying  procedure, 

and  the  cause  is  assuaed  to  be 

equivalent  for  both  HEMTs  and  MESFETs. 

An  activation  energy  of  approziaately 

1.9eV  has  been  derived  by  an  Arrhenius 

plot  of  the  ohaio  oontaot  resistance. 

Using  this  value,  the  extrapolated  MTTF 

of  the  HEMT  at  rooa  teaperature  due  to 

ohaio  degradation  (defined  as  the  tiae 

it  takes  for  the  ohaio  contact 

resistance  to  double)  would  be  on  the 
T  8 

order  of  10'  to  10  hours. 

The  results  so  far  show  that  HEMTs 
fabricated  by  MOCVD  are  very  reliable 
in  addition  to  offering  the  best  noise 
perfornanoe.  The  ourrent  HEMT  devloes 
are  as  reliable  as  MESFETs,  and  no 
degradation  associated  with  the 
AlGaAs/GaAs  heterojunotion  or  the 
AlGaAs/aetal  interface  was  observed. 


More  coaprehenslve  data  on  the  various 
failure  nodes,  particularly  those 
related  to  the  ohaio  aetal  systea,  the 
heterojunotion  interface  and  the 
superlattioe  will  be  collected  and 
reported  in  the  future. 
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1.  INTRODUCTION 

With  great  effort  advanced  lithographic 
techniques  are  being  developed  to  cope 
with  Immediate  production  needs  of 
devices  with  submlcromatar  design 
rules.  Optical  1:1  and  reduction 
techniques  will  fulfill  the  litho¬ 
graphic  requirements  of  pattern 
transfer  down  to  0.5  pm. 

This  paper  is  focused  on  the  potential 
of  ion  beam  lithography  for  the 
development,  customization  and  high 
volume  production  of  sub-0. 5-t>m 
devices . 

Ion  beam  lithography  (IBL)  is  being 
developed  in  three  directions  (Fig.  1): 
Focused  ( FIBL ) ,  Masked  (MIBL,  using 
channeling  or  open  stencil  masks),  and 
Ion  Projection  Lithography  (IPL,  using 
open  stencil  masks). 


2.  FOCUSED  ION  BEAM  LITHOGRAPHY  (FIBL) 

Using  high  brightness  liquid  metal  ion 
sources  FIB  ion-optical  columns  can 
realize  spot  sizes  down  to  0.03  ms  with 
current  densities  up  to  10  A/cm*  [1]. 
FIB  lithography  for  quantum  wells  with 
0.06  |im  diameter  on  0.5  m*  centers  In 
arrays  of  1024  x  1024  dots  (500  x  500 
»■*)  was  done  in  16  sec  [2]. 

Recently,  considerable  attention  has 
been  given  to  the  development  of  high 
brightness  hydrogen  and  helium  gaseous 
field  ion  sources  [3].  Light  ions 
deposit  their  energy  in  small,  wall 
defined  volumes  with  penetrations 
depths  of  about  1  (0.7)  pm  for  100  keV 
H*  (He* )  ions  (4]. 

But  all  these  sources  deliver  a  total 
usable  currant  of  Just  several  100  pA 
and  provide  i  10*  ions/sec  on  the 
substrate.  Thus,  pixel  transfer  rates 
are  limited  to  10T  Hz  (with  0.05  wm 
pixel  size  and  about  100  ions  exposed 
into  one  pixel  site  [5]). 


CHANNELING  OPENSTENOL 

MASK  MASK 


FIGURE  1.  Ion  beam  lithography 
development. 

Furthermore,  compared  with  scanning 
electron  beam  lithography,  the  slow 
velocity  of  the  accelerated  ions 
imposes  severe  limitations  in  the 
writing  spaed.  Traveling  wave 
deflectors  may  speed  up  the  pixel 
transfer  rates  [6,7]  but  will  compli¬ 
cate  FIB  systems  considerably  and  will 
add  a  substantial  reduction  of  chro¬ 
matic  errors  to  the  ion-optical  column. 

Consequently,  with  respect  to  deflect¬ 
ion  speed,  the  best  choice  for  litho¬ 
graphic  applications  is  the  use  of  2 
100  keV  H*-lons  and  the  realization  of 

variable  shaped  beams. 
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Compared  with  tha  wall  aatabliahad  8- 
baaa  tool a,  a  scanning  FIB  syataa  would 
anaura  auch  lass  proximity  effects 
leading  to  aora  simple  pattern  genera¬ 
tion.  This  may  be  iaportant  for  tha 
realisation  of  photomasks  and  ratlclas 
for  x-ray  lithography  with  subalcron 
faatura  sixes  [8].  But  mask  making 
technologies  nay  move  towards  bi-  or 
trlleval  resist  schemes  which  overcome 
tha  disadvantage  of  electron  beam 
scattering  affects.  These  affects  are 
also  substantially  reduced  by  using  1 
SO  keV  electron  energies. 

Because  of  these  reasons,  tha  main 
impact  of  H--FIB  lithography  may  be  in 
the  field  of  prototyping  of  new  devices 
where  the  lack  of  proximity  affects 
gives  an  Important  advantage  in  process 
technologies.  A  FIB  system  may  provide 
not  only  lithographic  pattern  genera¬ 
tion  but  also  the  possibility  of  ion- 
assisted  etching  [8]  and  deposition  [9] 
and  localized  sputter  removal  of 
surface  layers.  The  same  system  can  be 
used  as  an  in  situ  ion  microscopy  and 
SINS  analyzing  tool  [10].  (These 
features  are  already  used  for  indus¬ 
trial  mask  repair  systems  [11].) 

For  submicron  device  prototyping  and 
customization  the  focused  ion  beam  must 
fulfill  requirements  on  positional 
accuracy  of  tha  order  of  0.01  im.  Such 
precision  could  be  achieved  for  FIB 
systems  using  principles  of  demagnl- 
fylng  ion  projection  optics  [12,13]. 

It  should  be  mentioned  that  -  using  a 
source  delivering  ion  currents  of 
several  100  |iA  [14]  -  the  inherent 
limitations  in  single  beam  scanning 
could  be  solved  by  multiple  beam 
exposure  techniques  either  using 
switchable  beamlet  apertures  [IS]  or 
screen  lens  projection  [16].  Severe 
problems  of  positional  accuracies  and 
uniformities  of  beamlet  currants  have 
to  be  overcome  in  this  case. 


3.  MASKED  ION  BEAN  LITHOGRAPHY  (MIBL ) 

As  with  x-ray  lithography  the  MIBL 
technique  uses  thin  Si  (or  81»N4) 
membranes  as  mask  reticle  support.  In 
tha  "all  Si"  approach  the  absorber  is 
formed  by  the  thicker  (2  ms )  regions  of 
the  membrane  whereas  tha  lncldenting 
100  keV  -  200  kaV  H*  or  He*  ions  are 
channeled  through  the  thinner  (0.6  wm) 
support  areas  [17].  The  channeled  ions 
leave  the  mask  with  a  scattering  angle 
of  about  4*.  Thue  theoretical  and 
experimental  atudlee  show  resolution 
limits  of  0.5  pm  pattern  transfer  into 
single  layer  organic  resists  [18]. 


Implementing  open  stencil  masks,  ion 
beam  111  exposure  demonstrates  sub-0. 1- 
t*m  resolution  in  PMMA  organic  resists 
with  excellent  proeese  latitudes  [19]. 
Covering  tha  openings  with  a  fine  line 
grid,  complicated  patterns  were 
realized  on  the  wafer  (rocking  the  ion 
beam  during  exposure).  Another  solution 
of  the  "hole  in  tha  doughnut*  problem 
is  the  splitting  of  a  lithographic 
design  into  a  set  of  complimentary  open 
stencil  masks.  So  far,  this  technique 
has  bean  developed  for  1:1  electron 
beam  shadow  printing  [20]. 

To  realize  the  required  control  of  mask 
pattern  distortion  the  openings  may 
only  be  realized  in  mack  foils  under 
low  (»  10*  dyn/cm* )  stress  [21].  For 
channeling  or  open  stencil  MIBL 
techniques  mask  heating  during  chip 
exposure  is  setting  a  limit  to  the 
power  load  of  about  50  mW/cm9  of  the 
ion  beam  impinging  on  the  mask  foil 
[21].  For  100  keV  ions  thus  dose  rates 
of  several  1019  ions/em'/tse  can  be 
realized.  Statistical  requirements  for 
reliable  sub-0. S-pm  pattern  transfer 
ask  for  a  resist  with  a  sensitivity  of 
1  1019  ions/cm9  [6,7]  which  limits  the 
(0.05  iim)  pixel  transfer  rates  and  thus 
MIBL  productivity  to  the  order  of  1011 
Hz  ,[  5  ] . 


4.  ION  PROJECTION  LITHOGRAPHY  (IPL) 

The  schematics  of  an  Ion  Projection 
Lithography  Machine  (IPLM)  are  shown  in 
Fig.  2.  A  duoplasmatron  is  used  as  the 
ion  source  [14]  where  depending  on  the 
ion  species  (H*,  He*,  N*,  Ar*)  up  to 
200  wA  can  be  extracted  with  angular 
current  densities  of  >  100  mA/sr  (to  be 
compared  with  <  100  wA/sr  for  liquid 
metal  ion  sources).  The  ions  seem  to 
originate  from  a  virtual  source  whose 
size  is  only  *  5  wm  0  [22].  The 
extracted  ions  are  focused  to  an  ExB 
filter  region.  Subsequently  a  broad  ion 
beam  illuminates  the  open  stencil  mask 
reticle  with  ion  energies  between  5  keV 
and  10  kaV.  The  ions  passing  through 
the  mask  openings  enter  an  immersion 
gap  lens  which  accelerates  the  ions  to 
their  final  energy  of  50  keV  -  100  keV 
(or  higher,  depending  on  system 
design).  The  immersion  lens  focuses  the 
ion  source  into  the  projective  lens 
system.  This  Einzel  lens  projects  an 
ion  image  of  the  mask  opening  patterns 
at  a  defined  reduction  factor  (3x- 
20x)  onto  the  substrate.  The  desired 
ion  species  is  selected  through  ExB 
action  at  the  (variable.  Fig.  2) 
entrance  aperture  of  the  projective 
lens. 


Applying  appropriate  voltagaa  to  the 
rode  of  an  octopola,  placed  In  front  of 
the  projective  lens,  electrostatic  di¬ 
pole  fields  are  generated  which  can 
aove  the  projected  Ion  image  in  the  X - Y 
plane  of  the  wafer  target.  A  fine  ro¬ 
tation  of  the  Ion  ieage  can  be  achieved 
by  axial  magnetic  fields  with  a  so¬ 
lenoid  surrounding  the  octopole  site. 
(A  coarse  rotation  of  the  ion  image  is 
achieved  by  mechanical  reticle  move¬ 
ment.)  A  reference  block  between  pro¬ 
jective  lens  and  wafer  contalnes  8 
channeltron  detectors  to  obtain  signals 
for  die-by-die  alignment.  Chip  exposure 
can  be  controlled  by  mechanical  or 
electronic  shutter  arrangements.  Wafer 
exposure  is  done  with  a  stepper  X-Y-Z- 
8-stage. 

4.1.  IPL  PROCESS  LATITUDES 
AND  DEPTH  OF  FOCUS 

Results  obtained  with  an  experimental 
set  up  (IPLM-01,  without  ExB  analyzing 
unit)  have  demonstrated  resolution 
patterns  of  0.1  |ia  lines  and  spaces. 
This  resolution  was  obtained  in  PMMA 
organic  resists  with  image  reversal 
[22,23,24]  techniques  replicating  open 
stencil  mask  openings  of  500  lines/mm 
(1  pm  mask  opening  width)  at  lOx  re¬ 
duction.  The  pattern  transfer  charac¬ 
teristics  shows  a  linear  relationship 
between  the  PMMA  pattern  linewldths  and 
the  width  of  the  mask  openings  [24]. 
Figure  3  shows  an  IPLM-01  result  of  the 
dependence  of  several  pattern  line- 
widths  vs.  chip  exposure  time  (ion 
dose).  Using  80  keV  He*-ions  the 
exposure  was  done  with  a  5x  reduction 
projective  lens  in  a  chip  field  of  4  x4 
mm*.  This  considerable  process  latitude 
is  in  the  same  order  as  results  of  a 
1:1  ion  beam  exposure  (done  with  50  keV 
H--ions  with  positive  PMMA  development 
[19])  as  indicated  in  Fig.  3. 

Because  of  the  quasi-paraxial  flow  of 
the  ions  in  the  IPLM  column  a  vary 
large  depth  of  focus  is  achisvsd. 
Changing  the  wafer  Z-position  by  t  4.5 
millimeter  the  resolution  is  dagradsd 
only  by  10  %  [24].  Because  of  the  di¬ 
vergent  ion  beam  the  scale  of  the  pro¬ 
jected  ion  image  changes  with  ths  wafsr 
Z-positlon.  This  change  can  be  compen¬ 
sated  by  setting  the  voltage  of  the 
projective  lens  [23,24].  This  electro¬ 
nic  change  of  scale  can  be  dona  within 
t  0.5  %  for  10  %  resolution  changss 
[24].  Thus,  using  a  wafer  stage  with  Z- 
adjustment,  topographical  structures  on 
the  wafer  up  to  heights  of  5  ym  will 
not  impose  pattern  displacements  of 
more  than  0.05  we  at  the  corners  of 
chip  fields  up  to  10  x  10  mma. 
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FIGURE  2.  Principles  of  an  Ion 
Projection  Lithography  Machine 


( ions  I  cm2 ) 


FIGURE  3.  Results  of  llnewidth  mea¬ 
surements  in  PMMA  organic  resist  vs. 
sxposure  dose.  Comparison  of  1:1  ex¬ 
posure  (Randall  [19],  H'-ions  and 
positive  development)  with  IPLM-01 
exposure  at  5x  reduction  (He^-ions 
and  image  reversal  development). 

LPM  *  line  pairs  /  am  in  the  mask 
openings. 
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4.2.  IPL  OPEN  STENCIL  MASKS: 

FABRICATION  AND  EXPOSURE 

CONDITIONS 

For  tha  IPLM-01  experiments  taet  masks, 
fabricated  by  Ni  alactroplating 
tachnlquaa  [24],  hava  baan  uaad.  By 
clamping  tha  Ni  aaak  foil  to  an  Invar 
ataal  fraaa  at  alavatad  temperature  (70 
*C)  the  Ion  baan  induced  meek  heating 
cauiet  only  a  partial  relief  of  tha 
thermally  induced  atraaa  but  no  pattern 
diaplacemente.  Tha  diatortion  level  of 
such  teat  masks  has  baan  avaluatad  for 
continuous  ion  baan  exposure  conditions 
[22].  Because  of  tha  crude  clamping  of 
the  2  pm  thick  mask  foil  a  8  pm  shear 
distortion  was  found  for  a  20  mm  x  20 
am  grid  field  [22]. 

An  excellent  lifetime  of  tha  Ni  test 
masks  of  >  700  hours  was  found  for  a  5 
keV  He'"  ion  beam  exposure  of  tha  mask 
with  current  densities  of  2  1  iiA/cma 
[14]. 

Within  the  framework  of  x-ray  litho¬ 
graphy,  mask  technologies  have  been 
developed  to  fabricate  thin  Si  (or 
S1»N«,  SIC)  foils  in  situ  connected  to 
a  supporting  Sl-wafcr  ring  frame  [25]. 
These  mask  blanks  can  also  ba  used  to 
fabricate  open  stancil  maaks. 

Because  of  the  divergent  ion  beam 
impinging  on  the  open  stancil  mask, 
anisotropic  mask  openings  hava  to  ba 
corrected  in  width  as  indicated  in  Fig. 
4a.  This  is  not  necessary  using  tapered 
mask  openings  (Fig.  4b).  The  5  keV  ions 
are  stopped  within  a  <  0.1  pm  surface 
layer  of  the  open  stencil  mask  provi¬ 
ding  excellent  mask  contrast.  Thus,  no 
llnawldth  errors  are  caused  in  the 
projected  ion  image.  Fabrication 
techniques  for  tapered  mask  openings 
are  already  being  developed  [26]  which 
nay  also  use  appropriate  processes  of 
Si  trench  etching  technologies  [27]. 

By  simulating  tha  fabrication  of 
openings  in  a  stressed  mask  foil  the 
induced  diatortion  was  calculated  by 
Randall  [28]  for  tha  following  axposura 
conditions!  5:1  reduction  ion-optics, 
mask  area  *  5x5  cm*,  image  field  * 
10x10  mm*,  5  kaV  ion  energy  at  mask, 
currant  density  at  mask  «  1  nA/cm*.  Tha 
fabrication  induced  maximum  image 
diatortion  of  the  10  mm  chip  field  is  i 
0.05  a*  even  for  the  ’worst  case*  (only 
half  of  tha  mask  contains  openings) 
when  a  2  pm  thick  foil  with  a  low 
stress  of  10*  dynaa/cm*  is  used  (Fig. 
5).  (Low  stress  mask  foils  can,  a.g,  be 
realised  by  adding  Qe  to  the  B  doping 
of  tha  81  wafer  surface  [25,26].) 


ANISOTROPIC  MASK  OPENING 


TAPERED  MASK  OPENING 


CORNER 


FIGURE  4.  IPLM  exposure  conditions  of 
open  stencil  masks. 


FABRICATION  DISTORTIONS 


FIGURE  5.  Maximum  lateral  fabrication 
distortion  of  projected  mask  image  as 
a  function  of  initial  stress  as  cal¬ 
culated  by  Randall  [28]  for  a  10  x  10 
mm*  chip  field. 
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MMA: 


With  tha  propoaad  uaa  of  auch  low 
■trail  SI  opan  stand  1  aaeks,  tha  IPLM 
induced  heating  would  causa  an  expan¬ 
sion  and  thus  distortions  if  tha  mask 
fraaa  is  pinnad  to  room  taaparatura. 
Tha  aaount  of  such  exposure  induced 
distortions  is  i  0.05  w»  for  tha  10  aa 
chip  field  for  5  aW/ca*  mask  exposure 
(Pig.  6,  [28]). 

Exposure  induced  distortions  may  be 
reduced  to  zero  level  [28]  if  the  aask 
frame  is  heated  to  the  temperature  of 
the  ion  beam  exposed  mask  foil  [12].  In 
this  way  the  total  current  extracted 
from  tha  ion  source  can  be  used  to 
expose  the  aask  with  current  dansitias 
of  10  xA/cm*  and  power  loads  of  50 
aN/ca* . 

Because  of  the  imaarsion  lens  induced 
acceleration  and  the  ion-optical 
reduction  the  power  density  at  the 
wafer  is  enhanced  by  three  orders  of 
magnitude  to  several  10  mU/cm*.  For  a 
lOx  reduction  system  dose  rates  of 
several  101S  ions/cma/sec  may  ba 
realized.  Thus.  ion  projection  litho¬ 
graphy  nay  approach  (0.05  jim)  pixel 
transfer  rates  up  to  10**  Hz  which  is 
equivalent  to  the  productivity  level  of 
optical  projection  [5]. 


4.3.  INSPECTION  OF  IPL  OPEN  STENCIL 
MASKS 

With  the  goal  to  fabricate  open  stencil 
masks  with  aask  openings  down  to  1 
dimensions.  comaerical  E-beam  systems 
can  be  used  for  reticle  pattern 
generation.  Focused  ion  beam  systems 
seem  to  be  best  suited  for  mask  repair 
(with  possible  improvements  using 
deaagnlfylng  ion  projection  principles 
[12]  in  the  future). 

But  the  currently  used  optical  photo¬ 
mask  inspection  techniques  are  not 
sansltiva  to  organic  layers  or  partic¬ 
les  in  tha  aask  openings  which  stop  tha 
impinging  ion  baaa. 

Because  of  these  raasons  a  new  mask 
inspection  method  using  electron 
transmission  microscopy  has  been 
developed.  Tha  principle  is  shown  in 
Fig.  7.  In  an  8EM  tha  secondary 
electron  detector  is  placed  beneath  tha 
aaak  so  that  a  transmission  SSH  picture 
of  tha  aask  openings  can  ba  obtained. 

Figure  8a  shows  an  example  of  a 
resolution  test  pattern  with  large  dust 
particles  as  depicted  in  tha  con¬ 
ventional  8EM  micrograph  of  Fig.  8b. 


FIGURE  6.  Distortions  of  the  projec¬ 
ted  image  (10  x  10  mm* )  caused  by 
mask  heating  in  the  cooled  frame  as  a 
function  of  mask  thickness  with  dif¬ 
ferent  values  of  aalssivity  as  cal¬ 
culated  by  Randall  [28]. 


FIGURE  7.  SEM  transmission  mode 
opan  etencil  mask  inspection. 


In  order  to  achlava  tha  excellent 
transmission  SEM  contrast  (Fig.  8a) 
electrons  of  10  kaV  energy  were  ueed 
which  are  not  penetrating  the  2 
thick  Ni  mask  foil  used  for  this 

experiment.  The  transmission  SEM  of  the 
aask  openings  correlates  with  the  ion 
image  projected  with  the  IPLM-01  onto 
the  wafer  (Fig.  9).  This  inspection 
method  could  aleo  be  implemented  in  an 
electron  beam  writing  aystea  so  that 
dafecta  end  opening  pattern  positions 
of  the  fabricated  etencil  mask  may  be 
controlled  in  one  step. 


FIGURE  8a.  SEM  transmission  mode  pho¬ 
to  of  a  Ni  test  mask  opening  with  220 
llnes/mm  partly  covered  by  defects. 


FIGURE  8b.  Conventional  SEM  photo  of 
the  defect  covered  test  pattern. 


FIGURE  9.  Optical  micrograph  of  an 
IPLM-01  image  of  the  tast  pattern 
at  5s  reduction  (1100  and  1250 
lines/mm,  0.91  and  0.80  am  pitch). 


4.4.  IPL  PATTERN  TRANSFER  INTO  ORGANIC 
AND  INORGANIC  RESIST  LAYERS 

The  high  IPL  power  densities  allow  the 
use  of  a  wide  variety  of  organic  and 
inorganic  resist  materials  [29]. 

Using  organic  ( photo ) resists  and 
conventional  (dip  or  spray)  development 
the  exposing  ion  beam  must  penetrate 
the  resist  material  in  order  to  obtain 
steep  resist  walls  [4]. 

The  damage  Induced  by  the  ion  beam  in 
gate  oxides.  Si  and  GaAs  substrates  has 
been  studied  in  context  with  annealing 
procedures.  With  stopping  layer  tech¬ 
niques  any  damage  can  be  avoided  [30] 
because  the  ion  beam  induced  x-ray 
generation  is  negligible  (less  than  6 
orders  of  magnitude  in  comparison  with 
E-beam  lithography). 

Implementing  dry  development  tech¬ 
niques,  organic  resists  could  be  used 
for  IPL  pattern  transfer  as  shown  in 
Fig.  10. 

Selecting  Ion  species  and  energy  the 
IPL  exposure  is  done  such  that  the  ions 
stop  within  the  organic  resist  or  at 
layer  sites  where  the  induced  defects 
do  not  degrade  device  performance.  Then 
a  transformation  step  (e.g.,  sllylatlon 
as  being  developed  for  photolithography 
[31])  leads  to  a  conformal  mask  for 
subsequent  plasma  development  of  the 
organic  resist.  (IPL  exposure  already 
in  situ  may  lead  to  a  selective  surface 
transformation,  e.g.,  the  carbonization 
of  organic  resist  materials  [32,33].) 

Complete  dry  development  was  shown  for 
bilevel  resist  schemes  with  an  AZ-1450 
photoresist  base  layer  and  an  evapora¬ 
ted  Ge  top  lithographic  layer  [22]. 

Because  of  the  large  depth  of  focus 
planarization  is  not  a  necessity  for 
IPL  pattern  transfer. 

Figure  11  shows  a  proposed  process  for 
pattern  generation  in  metal  layers 
using  conformal  organic  (or  Inorganic 
[22,29])  resists.  Here  the  ions 
penetrate  the  resist  but  do  not  degrade 
the  properties  of  the  underlying 
devices. 

The  use  of  high  resolution  inorganic 
resists  and  materials  may  become 
mandatory  for  sub-0. 2-wm  pattern 
replication  because  of  the  unstable 
high  aspect  ratio  organic  resist 
structures  Inherent  to  planarizing 
techniques  (Fig.  10). 
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®  IPL  EXPOSURE  — ►  SENSITIZATION 


®  DRY  DEVELOPMENT 


FIGURE  10.  IPL  pattern  transfer  Into 
single  layer  organic  resists. 


®  TRANSFORMATION  +  DRY  DEVELOPMENT 


®  RIE  METAL  LAYER 


FIGURE  11.  IPL  pattern  transfer  Into 
metal  layer  using  conformal  organic 
or  Inorganic  resist  layers. 


4.5.  IPL  INTRAFIELD  DISTORTION  AND 
DIE-BY-DIE  ALIGNMENT 

First  Measurements  of  the  intrafield 
distortion  of  the  IPLM-01  ion-optical 
column  show  the  possibility  of  changing 
the  distortion  from  pincushion  to 
barrel  type  [22]. 

This  gives  the  possibility  of  an 
optimized  set  up  of  the  lon-optlcal 
column  by  adjusting  immersion  and 
projective  lens  voltages  and  wafer  Z- 
position. 

In  addition,  with  the  help  of  ion- 
optical  correction  elements  an  elec¬ 
tronic  fine  adjustment  of  intrafield 
distortion  can  be  achieved  [24,34]. 
Thus,  a  future  "ion-optical*  wafer 
stepper  may  be  used  in  a  mix  &  match 
mode  together  with  optical,  electron 
beam  or  x-ray  lithographic  tools. 

With  respect  to  die-by-die  alignment  a 
basic  test  has  been  performed  studying 
signals  of  secondary  electrons  genera¬ 
ted  by  ion  beam  probes  sweeped  electro¬ 
statically  across  wafer  registration 
marks.  The  test  was  performed  only  in 
one  direction  using  two  channeltron 
detectors  [24]. 

For  chip  alignment  B  channeltron 
detectors  are  necessary  where  a  pair  is 
used  to  generate  signals  for  X,  Y, 
rotation  and  scale.  Because  of  the  low 
energy  of  the  ion  probe  induced 
secondary  electrons  [35]  the  wafer 
registration  marks  may  not  be  covered 
by  planarizing  layers.  (Organic  resists 
may  be  selectively  removed  by  excimer 
laser  photoablation  techniguas  [36].) 

Resist  removal  can  be  avoided  using 
combined  ion  projection  and  optical 
alignment  techniguas  as  schematically 
shown  in  Fig.  12. 

With  the  help  of  channeltron  detector 
signals  the  projected  ion  image  can  be 
pinned  in  X,  Y,  rotation  and  scale  to  a 
reference  block  situated  between 
projective  lens  and  wafer. 

With  an  optical  alignment  system  (e.g. 
using  linear  fresnel  zone  plates  [37]) 
wafer  registration  marks  can  be 
detected. 

The  misalignment  indicated  by  the 
optical  system  may  be  corrected  by  a 
mechanic  wafer  movement  or  -  without 
moving  mechanic  parts  -  by  an  elec¬ 
tronic  correction  of  the  projected  ion 
image  (in  X,  Y,  rotation,  and  scale). 
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4.6.  CONCLUSION 


Tha  raaulta  daaonatratad  so  far  with 
tha  IPfcM-01  experimental  aatup  laad  to 
tha  conclusion  that  Ion  projection 
lithography  can  ba  developed  to  ba  an 
Important  high  voluaa  production  tach- 
nigua  for  sub-0. 5-iim  davlcaa. 

Statistical  data  on  resolution,  pattarn 
transfer  character latica ,  dapth  of 
field  and  thalr  distributions  over  the 
image  field  have  to  be  generated  which 
holds  also  for  Intrafield  distortion 
neasur eaent s . 

Thus,  in  analogy  to  optical  wafer  and 
x-ray  steppers,  high  speed  (electrical) 
measurements  techniques  [38,39]  must  be 
implemented  which  can  also  ba  used  for 
the  evaluation  of  die-by-dia  alignment. 

For  many  future  devices  (e.g.  GaAs  on 
Si)  the  large  depth  of  focus  of  Ion 
projection  lithography  will  facilitate 
economic  production  techniques.  IPL 
exposures  may  also  ba  used  for  tha 
development  of  In  situ  processing  using 
ion  beam  modification  techniques  of 
msterials  [22,29]. 

The  IPL  mix  &  match  possibilities  may 
also  lead  to  "chip  composing"  tech¬ 
niques  using  optical  (respectively  with 
higher  process  latitudes  [40]  synchro¬ 
tron  x-ray)  1:1  or  optical  reduction 
exposure  techniques  for  2'  0.5  iim 
lithographic  levels  and  demagnifylng 
ion  projection  printing  for  levels 
requiring  i  0.6  pm  resolution. 
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ABSTRACT 

After  a  brief  description  of  the  basic 
structure  and  fabrication  process  of 
V. D. MOSFET 's  for  power  high  frequency 
applications,  a  new  non-linear  dynamic 
model  is  proposed.  The  implantation  of 
this  model  on  the  ASTEC  III  simulation 
program,  enables  its  use  for  comparison 
between  measured  and  computed  characte¬ 
ristics  under  DC  and  small  -  signal 
conditions  and  to  set  up  a  new  simula¬ 
tion  procedure  for  designing  and  si¬ 
mulating  radio- frequency  power  ampli¬ 
fiers.  At  last,  the  model  is  used  to 
give  some  design  rules  for  U.H.F.  power 
V.D.  MOSFET's. 


1.  INTRODUCTION 

Since  it  came  out  on  the  radio¬ 
frequency  power  semiconductor  market 
the  MOSFET  has  played  an  increasing 
role,  because  of  its  numerous  advan¬ 
tages  like  good  power  gain,  high  input 
impedance,  and  very  good  thermal  stabi¬ 
lity  [1-6].  Among  MOSFETs,  the  verti¬ 
cal  double-diffused  MOS  (V. D.MOS)  te¬ 
chnology  is  now  chosen  by  almost  all 
manufacturers.  Moreover,  beside  the 
technological  developments,  it  appears 
necessary  to  set  up  modalization  and 
simulation  tools  both  to  define  design 
methodologies  that  apply  to  radio¬ 
frequency  power  amplifiers  using  these 
transistors  and  to  obtain  design  rules 
for  future  V.D. MOSFETs  operating  in  the 
U.H.F.  range. 

2.  BASIC  STRUCTURE  AND  FABRICATION 

PROCESS 

The  V.D. MOS  transistors  for  radio¬ 
frequency  applications  are  vertical 
devices,  that  is  to  say  the  drain  con¬ 


tact  is  located  at  the  bottom  of  the 
chip,  whereas  the  source  and  gate  con¬ 
tacts  define  an  interdigitated  pattern 
on  the  top  of  the  structure.  Figure  1 
shows  a  cross-sectionnal  view  of  this 
structure . 


GATE  CONTACT  v  „  souRCE  CONTACT 


Cross  -  sectionnal  view  of  a  V.D. 
MOSFET. 


The  starting  material  is  an  epita¬ 
xial  silicon  layer  whose  thickness  and 
resistivity  are  carefully  chosen  in 
order  to  increase  the  device  voltage 
handling  capability,  without  damaging 
the  on-state  characteristics.  Figure  2, 
shows  the  main  steps  of  the  fabrication 
process.  This  process  begins  with  a 
gate  oxidation,  followed  by  a  polysili¬ 
con  layer  deposition,  which  will  be 
etched  in  order  to  create  the  gate 
pattern.  A  p-type  source  region  will  be 
diffused,  always  using  the  gate  pattern 
as  part  of  the  mask.  This  double-dif¬ 
fusion  process  is  self-aligned  on  the 
gate,  so  as  to  enable  an  accurate  con¬ 
trol  of  the  channel  length  (lower  than 
2  microns) .  The  polysilicon  gate  is 
then  coated  with  an  aluminium  metalli¬ 
zation  and  the  source  metallization  is 
realized.  Finally,  a  passivation  film 
is  formed.  Chips  are  packaged  in  a  4L 
FL  package  by  using  Au/Si  solder. 
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After  get*  oxidation  and  polyailicon 
deposition 


I  7  ph 


After  p-type  region  diffusion  and  etch 
of  the  source  sasking  oxide 


N* 


Al 


After  contact  setallisation  and 
passivation 


FIGURE  II 

Main  technological  steps  of  the  V.D. 
MOSFET  fabrication  process. 

3.  MODELING  OF  THE  V.H.F.  V.D.MOS 
TRANSISTOR 

An  accurate  high  frequency  model 
for  the  V.D.MOS  transistor  must  take 
into  account  all  the  specific  characte¬ 
ristics  of  this  device  and  more  preci- 
dely  : 

i/  the  short  channel  effects  on  the 
scattering  velocity, 

Li/  the  lumped  configuration  of  the 
inverted  channel  and  the  accumulated 
region  under  the  gate 
iii/  the  current  spreading  effects  in 
the  drain  epilayer, 

iv/  the  influence  of  the  drain  diode 
and  overlap  capacitances  as  well  as 
parasitica  elements  due  to  encapsula¬ 
tion. 

3.1.  Modeling  of  the  channel  region 

In  contrast  with  the  "small  signal" 
models  proposed  up  to  now,  the  model  we 
propose  for  the  channel  region  is  based 
on  a  mathematical  resolution  of  the 
general  semiconductor  equations,  taking 
into  account  the  saturation  of  ths 


scattering  velocity  in  both  lateral  and 
transverse  directions.  Detailed  cal¬ 
culations  are  described  in  references 
[7,  8].  The  active  channel  region  is 
treated  as  a  non-uniform  transmission 
line.  The  first  differential  dynamic 
equation  is  obtained  by  linearizing  the 
expression  of  the  current  and  the  se¬ 
cond  dxpresses  the  conservation  of  the 
current  flow  taking  into  account  the 
current  losses  through  the  gate.  After 
development  of  the  equations 1 solutions , 
it  appears  that  the  channel  region  can 
be  modelized  by  a  discrete  element 
equivalent  circuit,  with  capacitance 
and  resistors  whose  values  only  depend 
on  the  geometrical  and  physical  parame¬ 
ters  and  on  the  instantaneous  vol¬ 
tages.  Figure  3  shows  the  dynamic  equi¬ 
valent  scheme  of  the  channel  region. 


Equivalent  scheme  for  the  channel 
region  of  the  V.D.  MOSFET . 


3.2.  Model  of  the  V.D.  MOS 
transistor 

The  second  main  region  of  the 
V.D.MOS  transistor  is  the  epilayer 
region  between  the  two  channels  under 
the  gate.  He  have  shown,  using  bidimen- 
sionnal  simulations,  that  this  region 
could  be  either  accumulated  or  depleted 
A  dynamic  equivalent  lumped  configura¬ 
tion  is  proposed  and  the  involved  equa¬ 
tions  are  solved  (detailed  calcula¬ 
tions  in  rdf.  [9])  to  obtain  a  simple 
equivalent  circuit. 

The  current  spreading  effect  in  the 
drain  epilayer  is  taken  into  account  as 
a  variable  resistor  given  by  an  analy¬ 
tical  formula  [10].  All  the  capacitan¬ 
ces  (diffused  jonctions,  overlap,  ...} 
are  modelized  by  simple  classical  for¬ 
mulas.  Lastly  parasitics  elements  such 
as  metallization  resistors,  bonding 
wires  inductors  and  inter-metal  capaci¬ 
tances  are  added  to  the  model.  Figure  4 
shows  the  complete  equivalent  scheme. 
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Complete  Dynamic  Equivalent  Scheme  for 
the  V.D.  MOSFET. 


4.  DC  AND  "SMALL  SIGNAL"  SIMULATIONS 

The  model  is  implanted  on  the  non¬ 
linear  circuit  simulator  ASTEC  III.  It 
allows  the  determination  of  the  follo¬ 
wing  device  characteristics  :  DC  drain 
current  versus  both  gats  and  drain 
voltages,  scattering  parameters,  power 
gain,  LINVILL  stability  factor  and 
switching  characteristics . 

The  computed  parameters  were  compared 
to  their  measured  values  [ 9 ] .  Figure  5 
shows  that  comparison  for  the  S21 
scattering  parameter.  The  difference 
between  measurement  and  simulation 
proves  to  be  better  than  30  %.  This 
precision  is  typical  for  this  kind  of 
model  and  due  to  measurement  imperfec¬ 
tions,  can  be  regarded  as  a  good  vali¬ 
dation  for  our  model. 

5.  DESIGN  AND  SIMULATION  OF  RF  POWER 

AMPLIFIERS 

One  of  the  main  application  of  the 
non-linear  model  of  the  V.D.MOS  tran¬ 
sistor  is  the  setting-up  of  a  new  pro¬ 
cedure  for  designing  and  simulating 
radio- frequency  power  amplifiers,  based 
on  the  determination  of  all  the  large 
signal  parameters  (i.e  output  power 
compression  point,  input  and  output 
impedances,  large  signal  power  gain, 
power  efficiency) . 

This  new  procedure  is  based  on  the 
numerical  determination  both  of  the 
input  and  output  power  deduced  from  the 
computation  of  the  instantaneous 
current  and  voltage  values,  in  the  time 
domain.  First,  the  device  is  uncondi- 
tionnally  stabilized  for  all  gate  and 
drain  bias  conditions  using  series,  or 
parallel  or  feedback  network  [9]  ;  se¬ 
cond,  the  large  signal  input  and  output 
impedances  and  the  maximum  available 
output  power  from  the  device  are  ob¬ 
tained  [11].  It  is  so  possible  to  ob¬ 
tain  the  device  performances  under  A,  B 


or  C  working  classes  in  determining 
output  power  versus  input  power  charac¬ 
teristics  and  the  large  signal  power 
gain. 

Figure  6  shows  a  comparison  between 
experiments  and  simulation  for  a  45 
watts  devices  realised  using  the  pre¬ 
vious  described  technology.  Several 
comparisons  of  this  kind  were  realized 
and  a  very  good  agreement  was  noticed 
in  each  case,  between  measured  and 
calculated  curves  (difference  lower 
than  1.5  db) . 


FIGURE  V 

Comparison  between  the  experimental  and 
computed  curves  for  the  S  21  scattering 
parameter  (45  watts  -  MOSFET  -  2/200 
MHz/ _  experiments  -  simulation) . 


FIGURE  VI 

Comparison  between  the  experimental  and 
computed  RF  large  signal  (A,  B  and  C 
classes)  characteristics.  Output  power 
versus  Input  power  for  a  45  watts  V.D. 
MOSFET  -  VdS  ■  28  V  -  F  «  150  MHZ. 
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6.  ELEMENTS  FOR  DESIGNING  U.H.F.  POWER 

V.D.  MOSFET's 

These  model  and  procedures  could  be 
easily  used  for  the  design  of  new 
devices  and  performance  predictions.  As 
an  example,  we  have  studied  how  a 
v.D.MOSFET  should  be  designed  to  have  a 
good  efficiency  as  an  U.H.F.  power 
amplifier.  We  have  shown  that,  by  re¬ 
ducing  the  size  of  the  source  cells, 
minimizing  the  source  inductance  and 
choosing  a  partly  overlapping  gate 
configuration,  very  good  U.H.F.  perfor¬ 
mances  are  obtainable  [9]. 

Figure  7  shows  the  evolution  of  the 
output  power  versus  input  power 
characteristics  as  a  function  of  the 
rate  of  overlapping  gate  removed.  From 
a  simulation  point  of  view,  we  prooved 
that  U.H.F.  power  V.D.,  MOSFET's  can  be 
designed  with  performances  as  good  as  a 
power  gain  of  17  db  at  500  MHz  and  10.5 
db  at  1  GHz  for  an  output  power  of  80 
watts . 


Computed  large  signal  characteristics 
for  V.D. MOSFET's  with  partly  overlaping 
gate  -  Vds  *  28  V  -  Output  power  :  80  W 
F  -  500  MHz  -  Id  -  0,5  A. 

7 .  CONCLUSION 

As  a  conclusion,  we  have  proposed 
beside  a  new  technology  development,  a 
new  non-linear  model  for  the  V.D.MOS 
transistor.  This  model  proves  to  be 
well  adapted  both  to  simulate  the  de¬ 
vice  characteristics  and  to  design 
radio-frequency  power  amplifier  using 
these  transistors.  Moreover,  it  enable 
the  design  of  new  generation  V.D. MOS¬ 
FET's  operating  in  the  U.H.F.  range, 
whose  characteristics  are  predictible 
before  any  technological  realization. 
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New  field  controlled  thyristors  (FCTh)  have  been  realized  by  a  recessed 
gate  technique  (VERIGRID),  which  exhibit  a  higher  aspect  ratio  of  the 
control  fingers  than  devices  produced  so  far.  Thus  a  static  blocking 
gain  in  excess  of  500  could  be  achieved>  and  more  than  10A  ( 1 25A/cnr ) 
ware  switched  off  snubberless  at  1000V  and  inductive  load.  Furthermore 
the  doping  of  the  finger  sidewalls  turned  out  to  be  very  important 
for  the  on  state:  with  high  doping  a  hole  bypass  is  created,  and  long 
channel  JFET  saturation  is  observed  instead  of  a  low  resistance  like  that 
of  a  pin  diode. 


1 .  Introduction 

Since  the  Field-Controlled  Thyristor  (FCTh) 
has  been  proposed  by  Nishizawa  e.a.  [1], 
different  approaches  have  been  made  to  realize 
such  a  device  [2,3,4].  Nevertheless  the 
ultimate  liadts  of  the  concept  have  not  been 
shown  so  far,  and,  instead  of  this,  nearly  all 
the  efforts  have  been  put  on  the  IGBT,  since  it 
seemed  to  be  the  functional  integration  of  the 
PCTh-MOSPET  cascode  [4]. 

Now  IGBTs  have  been  developed  by  Nakagawa 
e.a.  [5,6],  and  an  effective  hole  bypass  had 
to  be  implemented  in  the  cathode  region  to 
prevent  latchup.  Computer  simulations  of  this 
device  [5]  show  that  in  the  on  state  carriers 
sure  injected  from  the  anode  only.  Thus  an  FCTh 
could  exhibit  lower  on  resistance  and  switching 
losses  for  two  reasons:  First  there  is  no 
MOSFET  connected  in  series  with  the  bipolar 
high  voltage  device,  and  secondly,  carrier 
injection  from  both  sides,  anode  and  cathode, 
should  be  possible  within  an  FCTh. 

Our  recessed  gate  technology  (VERIGRID) 
recently  developed  for  a  highly  intardigitated 
GTO  [7]  turned  out  to  be  the  key  factor  for  the 
realisation  of  FCThs.  A  new  latching  mecha¬ 
nism,  the  dynamic  latching,  has  been  found  [8], 
and,  from  experimental  data,  we  proposed  the 
aspect  ratio  of  the  cathode  fingers  to  control 
this  mechanism.  Recent  results  on  this 
statement  as  well  as  data  giving  a  deeper 
understanding  of  the  physics  of  the  on  state 
are  presented  in  this  paper. 


2.  Design  and  Technology 

The  structure  of  a  test  device  is  shown  in 
Fig.1.  It  is  made  from  FZ-Si  with  anode, 
buffer  layer  and  termination  as  usual.  Cathode 
fingers  are  etched  by  reactive  ion  etching 
(RIE)  after  diffusion  of  the  n+  regions,  and 
the  surfaces  of  the  grooves  are  doped  with 
boron.  Metallic  contact  to  the  cathode  stripes 
and  the  bottom  regions  of  the  gate  grooves  is 
realized  by  evaporated  Al,  and  passivation  of 
the  termination  moat  as  well  as  isolation 
between  gate  and  cathode  is  established  by 
photopolyimide .  During  a  last  processing  step, 
a  solder able  metal  layer  xs  sputtered  on  top  of 
the  cathode  region  and  contacted  by  a  copper 
plate.  No  lifetime  control  has  been  applied  at 
the  elements  presented  within  this  paper. 


FIGURE  1 


Schematical  structure  of  a  test 
FCTh.  The  102  cathode  fingers 
(25  m  x  1.3mm  x  3 Own)  form  an 
active  area  of  8mnr. 
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FIGURE  2 


SEM  picture  of  the  FCTh  cathode 
region. 


3.  Results  and  Discussion 

3.1  On  state 

With  the  aspect  ratio  near  one  realized 
today  two  different  characteristics  with  no 
gate  current  applied  ire  observed:  devices 
with  low  gate  doping  behave  like  diodes 
(Fig. 3),  while  elements  with  higher  doping 
exhibit  pentode  like  saturation  (Fig. 4a).  Then 
a  small  gate  current  is  necessary  to  obtain  a 
turn  on  with  low  on  resistance  (Fig. 4b). 

Since  there  are  no  detailed  simulations  of 
the  FCTh  available  so  far,  to  obtain 
information  about  this  effect,  the  gate  current 
has  been  measured  as  a  function  of  gate  cathode 
voltage  and  anode  current.  Thus  it  was  found 
that  only  a  very  small  decrease  in  gate 
potential  from  the  on  state  is  necessary  to 
extract  all  the  holes  drifting  through  the 
bulk.  Then  conduction  by  electrons  only  is 
left  in  the  cathode  fingers,  and  long  channel 
JFET  operation  results,  as  shown  in  Fig. 5. 

But  a  decrease  in  gate  potential  also  may  be 
due  to  an  internal  bypass:  high  gate  doping 
causes  high  conductivity  along  the  finger  wall. 
Then  the  holes  run  from  the  bottom  of  the  gate 
along  the  wall,  and  across  the  p-n  junction  at 
the  top  towards  the  cathode  (Fig. 5).  Of 
course,  internal  and  external  gate  currents 
create  a  voltage  drop  at  this  wall  resistor, 
and  at  a  certain  net  value  of  both  enough  holes 
will  have  to  go  through  the  channel  again. 
Thus  the  thyristor  like  characteristic  of 
Fig. 4b  not  really  results  from  a  four  layer 
structure,  but  from  a  switchover  from  unipolar 
to  bipolar  conduction  in  the  FCTh's  fingers. 


FIGURE  3 

On  state  characteristics  of  FCTh 
with  low  gate  doping. 


FIGURE  4 


On  state  characteristics  of  FCTh 
with  high  gate  doping: 

a)  zero  gate  current, 

b)  3mA  positive  gate  current. 


FIGURE  5 

Schematic  of  hole  bypass  created 
by  high  gate  doping.  This  causes 
unipolar  JFET  operation  in  the 
cathode  fingers. 
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3.2  Static  Blocking 

As  expected,  a  drastic  incraasa  in  blocking 
gain  has  baan  observed  with  respect  to  results 
published  recently  [8].  Mow  more  than  1500V 
can  be  blocked  by  -4V  at  the  gate  only  (Fig.6). 
With  anode  currents  in  the  it A  range,  the 
blocking  characteristics  still  look  triode 
like,  but  in  the  aA  range  they  saturate  very 
similar  to  that  shown  in  Pig..  4a. 


FIGURE  6 


Blocking  characteristics  of  ty¬ 
pical  FCTh: 

Vqr-  0V,-1V,-2V,-3V,-4V,-5V. 


•  use  news  i»  VMi  VDOV 

FIGURE  7 


3.3  Switching  On  and  Off 
Similar  to  our  nondestructive  test  circuit 
with  resistive  load  [8]  we  have  developed  a 
nondestructive  test  for  inductive  load  (Fig. 7). 
One  test  cycle  then  consists  of  four  parts; 

1 .  FCTh  and  Tj  are  turned  on,  and  the  current 
through  the  inductor  L  is  increasing  until 
the  test  current  is  reached. 

2.  The  FCTh  is  turned  off.  Mow  its  anode  vol¬ 
tage  rises  until  Di  starts  conducting. 

3.  When  testing  the  SOA,  the  FCTh  is  switched 
on  again  about  0.5ms  later.  Therefore  no 
destruction  can  occur  in  case  of  insuffi¬ 
cient  turn  off. 

4.  Ti  is  switched  off  again,  and  the  energy 
still  stored  in  the  Inductor  L  now  is 
transferred  to  a  zener  by  D2. 

A  switching  result  is  shown  in  Fig. 8.  An 
anode  current  of  10A  is  switched  off  at  Vpr- 
1000V,  and  the  anode  voltage  increases  up  to 
1200V  because  of  the  22ft  resistor  connected  in 
series  with  0-| .  As  expected  from  the  carrier 
lifetime  (2ms),  quite  a  long  tail  is  observed 
during  turn  off.  On  the  other  hand  turn  on  is 
accomplished  very  fast,  although  there  is  only 
a  Ik ft  pull  up  resistor  at  the  gate  of  the 
FCTh.  In  fact,  holes  injected  from  the  anode 
during  the  onset  of  conduction  first  decharge 
the  gate.  Thereby  an  internal  feedback  causing 
rapid  turn  on  of  the  FCTh  is  generated  in 
contrast  to  the  miller  capacitance,  which  is 
slowing  down  the  switching  of  MOSFETs  or  IGBTs. 


FIGURE  8 


Switching  wafeform  obtained  at 
VPr»  1000V  and  IA-  10A. 

VA;  500V/Div,  IA:  4A/Div, 

Timet  2ms/D1v. 


Non-destruct  RBSOA  tester 


For  a  detailed  study  of  the  turn  off  process 
Fig. 9  is  presented.  Although  paresitics  could 
not  be  avoided  totally,  four  steps  of  the 
process  clearly  are  distinguishable: 

1.  Rise  in  gate  current  with  constant  di/dt, 
accompanied  by  cathode  current  reversal, 

2.  abrupt  increase  in  negative  gate  voltage, 

3.  stop  of  cathode  current  flow  and 

4.  increase  in  anode  voltage  with  all  the 
anode  tail  currant  flowing  along  the  gate. 

Therefore  we  conclude  that  during  FCTh  turn 
off  first  the  cathode  fingers  are  depleted, 
coopletly  interrupting  the  injection  of 
electrons  from  the  cathode.  Then  the  depletion 
layer  hoeiogeniously  starts  growing  from  the 
gate  towards  the  anode  as  within  an  IGBT,  for 
instance.  Thus  current  crowding  should  be 
minimized. 

4 .  Conclusion 

We  presented  an  FCTh  which  at  the  first  time 
is  snubberless  switching  1000V  at  125A/cm2 
inductive  load.  No  avalanche  is  observed  so 
far  indicating  a  very  homogenious  current 
spread  during  turn  off.  Experimentally  a 
detailed  design  of  the  FCTh  control  structure 
is  obtained,  showing  the  necessity  of  the 
VERIGRID  technology  to  realize  FCThs.  Thus, 
using  our  advanced  FCTh  cascade  [3],  a  new, 
very  high  gain  snubberless  power  switch  is 
obtained  exhibiting  the  rudgeness  of  bipolar 
devices  and,  potentially,  an  better  switching 
speed  for  a  given  on  state  loss  than  IGBTs. 
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C.  Malfatto***,  B.  Passer  i  n  I  ***,  M.  Zambelli*** 

*>  I  st  i tu to  FRAE  -  CNR,  Vi*  d« '  Castagnol i  1,  40126  Bologna,  Italy 
««>  1st i tu to  MASPEC  -  CNR,  Via  Chiavari  18/A,  43100  Parma,  Italy 
***>  ANSALDO,  Semiconductor  Dept.,  Via  Loranzi  8,  16152  Ganova,  Italy 


Fast  recovery  power  p-i-n  diodes,  obtained  'from  <  1 1 1  >  NTD  float-zone 
silicon,  have  bean  irradiated  at  room  temperature  with  monoenerget i c 
electrons  at  6.6,  9.2  and  11.7  MaV.  The  absorbed  doses  ranged  from  2 
to  16  KGy.  The  complex  deep  lava)  spectra,  revealed  by  DLTS 
measurements,  have  been  related  to  the  energy  and  dose  values.  The 
tradeoff  between  the  static  and  the  dynamic  characteristics  of  the 
devices  vs.  the  irradiation  conditions  have  been  investigated. 


1.  INTRODUCTION 

Studies  carried  out  in  the  past  on 
radiation  effects  in  silicon  have  found 
practical  application  in  recent  years, 
when  a  great  interest  has  developed  in 
the  use  of  gamma  irradiation  and 
particularly  high-energy  electrons  for 
recombination  lifetime  control  in 
silicon  devices  Cl, 23.  The  feasibility 
of  controlling  the  electrical 
characteristics  of  power  semiconductor 
devices  by  irradiation  with  high-energy 
electrons  has  been  widely  investigated 
[31.  However,  little  work  has  been  done 
on  the  efficiency  of  electron 
irradiation  when  using  electron 
energies  in  the  range  3-12  MeV.  The 
aim  of  this  work  is  to  investigate  the 
influence  of  6.6,  9.2  and  11.7  MeV 
electron  beam  energies  at  different 
doses  both  on  the  static  and  the 
dynamic  characteristics  of  power  p-i-n 
diodes.  Also  reported  are  measurements 
of  the  dependence  of  the  room 
temperature  production  of  the  energy 
levels  inside  the  silicon  forbidden  gap 
vs.  the  electron  energy. 


2.  EXPERIMENTAL  DETAILS 
2.1  Device  Fabrication 

Fig.  1  shows  the  cross-sectional 
structure  of  a  power  p-i-n  diode.  The 
device  is  essentially  a  full  diffused 
silicon  wafer  alloyed  onto  a  molybdenum 
backplate  which  grants  the  necessary 
mechanical  support.  The  silicon  diodes 
used  in  this  study  were  fabricated  upon 
120  ohm. cm  neutron  transmutation  doped, 
float-zone  silicon  CFZ-NTD).  The 
silicon  wafers,  31  mm  in  diameter,  were 
processed  through  standard  steps, 
normally  used  in  power  semiconductor 
processing  and  described  previously 
C4I,  in  order  to  obtain  the  p-i-n 
structure.  The  p+  layer  is  gallium 
doped  with  a  surface  concentration  of 
10*®  cm-®  and  the  n+  layer  is 
phosphorus  doped  to  10*?  cm-®.  After 
diffusion  of  gallium  and  phosphorus  the 
wafers  were  alloyed  onto  molybdenum 
backplates.  Metallization,  contour 
bevelling  and  junction  passivation  gave 
finished  device*  ready  for  irradiation. 


•This  work  has  been  supported  by  the  Italian  National  Research  Council  <CNR>  within 
the  Finalized  Poject  "Material i  e  Dlspositivi  per  1 'Elettronjca  alio  Stato  Solido". 
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FIGURE  1 

Cross-sectional  structure  of  a  power 
p-i-n  silicon  rectifier. 


2.2  Electron-Irradiation 

The  p-i-n  diodes  were  irradiated 
at  room  temperature  using  pulses  of 
monoenerget ic  electrons  from  an  L-band 
12  MeV  linear  accelerator.  The 
accelerator  was  used  in  repetitive  mode 
with  pulses  of  SO  ns  duration  and 
repetition  rate  of  600  p.p.s.  Different 
electron  energies  were  obtained  by 
deflecting  the  beam  by  means  of  two  45 
degrees  magnets  and  by  monochromat i z  i  ng 
it  by  a  slit  placed  in  the  maximum 
dispersion  zone  (Fig.  2).  The  resulting 
energies  were  6.6,  9.2  and  11.7  MeV 

with  a  beam  energy  spread  of  */-  0.15 
MeV.  The  devices  were  irradiated  with 
doses  between  3x10*2  (nd  3x10*2 
e_.cm~2.  Fluxes  of  several  10** 
e~.cm~2.s~*  at  the  sample  position  were 
used  and  this  guaranteed  that  the 
sample  temperature  did  not  exceed  50  °C 
during  irradiation.  Further  details  on 
the  irradiation  process  and  dosimetry 
using  the  Fricke  chemical  dosimeter 
have  been  already  reported  143. 

2.3  DLT8  Measurements 
DLTS  measurements  were  carried  out 
using  a  high  sensitivity  lock-in  type 
spectrometer .  A  norma?  rate  window  of 


FIGURE  2 

Schematic  view  of  the  experimental 
arrangement  used  for  electron 
irradiation. 

952  s~*  was  selected.  It  can  be  varied 
over  more  than  three  decades  for 
studying  the  temperature  dependence  of 
the  thermal  emission  rate.  The  DLTS 
measurements  were  performed  by  using  a 
reverse  bias  of  -10  V  and  a  typical 
exciting  pulse  width  of  100  /is.  The 
trap  density  Nt  was  obtained  by  using  a 
modified  Zotha-Uatanabe  expression  151. 

2.4  Electrical  Charac ter i st i cs 
The  effects  of  electron  irradiation 
on  the  electrical  characteristics  of 
the  device  have  been  assessed  by 
measuring  the  forward  voltage  drop  Up, 
the  reverse  recovery  time  t^R  and  the 
recovered  charge  Qpp. 

3.  RESULTS  AND  DISCUSSION 

3.1  DLTS  Spectra  vs.  Irradiation 
DLTS  spectra  of  un irradiated  p-i-n 
samples  (Fig.  3a>  show  only  a  broad 
band  of  electron  traps  centered  at 
about  210  K.  From  the  capacitance 


<E j ,  E2,  E3  in  Fig.  3)  are  clearly 
distinguishable.  The  Ej  level  is  the 
well  characterized  A-center  <0-U  pair) 
located  at  0.17  eU  from  the  conduction 
band.  The  E2  <EC~0.23  eU)  and  E3 
<Ec-0.42  eU)  have  been  identified  as 
the  double  negative  IU-U1  and  single 
negative  [U-U3“  charge  state  of  the 
divacancy  respectively  12,61.  From 
measurements  performed  on  several 
samples  we  found  that  the  concentration 
of  these  defects  depend  both  on  the 
energy  and  absorbed  dose.  In  fact,  at 
the  same  electron  beam  energy,  the  deep 
level  density  increases  with  the 
absorbed  dose  from  1.9  to  15.8  KGy 
while  for  a  fixed  dose  an  increasing  of 
the  trap  concentration  from  6.6  and  9.2 
Mel*  was  found.  At  11.7  MeU  no 
significative  variation  in  the  defect 
introduction  rate  was  observed  with 
respect  to  9.2  MeU.  Moreover  no 
appreciable  change  in  the  relative 
concentration  of  the  A-center  and  the 
di vacancy  has  been  found  on  samples 
irradiated  with  electron  beam  energies 
ranging  from  6.6  to  11.7  MeU. 


FIGURE  3 


DLTS  spectra  from  float-zone,  NTD 
silicon  samples  before  <a)  and  after 
electron  irradiation  electron  energiesi 
6.6  MeU  <b>,  9.2  MeU  (c)  and  11.7  MeU 
<d>|  electron  dose  “  3.4x10 12  e"  cm-2 
<1.9  KGy  in  Fr icKe  dosimeter). 


The  ratios  between  the  densities  of 
these  two  centers,  obtained  on 
different  samples  irradiated  at  6.6, 
9.2  and  11.7  MeU  are  very  close  to  the 


values 

reported 

by  Brother  ton 

and 

Bradl ey 

C  71  for 

broad  electron 

b*  am 

hav i ng 

12  MeU  maximum  energy. 

3.2 

El  ectr i cal 

Character i st i cs 

vs . 

Irradiation  Conditions 

The 

forward 

vol tage  drop 

as  a 

function  of  dose  for  the  three 
different  energies  used  is  shown  in 
Fig.  4.  As  reported  elsewhere  C81,  the 
forward  characteristics  are 

controlled  by  the  high  level  lifetimes 
the  lower  this  value,  the  higher  Up. 
The  massive  stopping  power  (and  hence 
the  radiation  damage)  of  the  device 
decreases  as  the  electron  energy  is 
increased  191.  Therefore  the  charge 
carrier  lifetime  is  expected  to  be  a 
decreasing  function  of  the  electron 
energy.  This  accounts  for  the 
relationship  between  the  electron 
energy  and  Up.  The  same  considerations 
explain  the  behaviour  of  the  dynamic 
characteristics  tpr  and  Qrr,  whose 


FIGURE  4 


Forward  voltage  drop  Up  vs.  electron 
fluence,  at  different  electron 
energies.  Measuring  condi tionss  Ip- 
1200  A,  Tj-  25 °C. 
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Reverse  recovery  time  tRR  us.  the 
electron  tluence  ,  at  different 
energies.  Measuring  conditions!  Ip»  330 
A,  dl/dt*  -80  A  >isec“l,  Vd«  6 00  A,  Cg« 
0.25  jiF ,  Rg*  10  ohm,  Tj-  150  °C. 


Reverse  recovered  charge  Qd  vs. 
electron  fluence,  at  different 
energies.  Measuring  conditions!  Jp=  350 
A,  dl/dt*  -80  A  jjsec"! ,  Vo«  600  A,  Cg» 
0.23  juF,  Rg*  10  ohm,  Tj-  130  °C. 


Trade-off  curves  between  forward 
voltage  drop  <Vp>  and  recovered  charge 
<QR>  at  different  energies. 


variation  with  energy  and  dose  are 
reported  in  Figg.  5  and  6, 
respectively.  Fig.  7  shows  the  Mp  “  °RR 
trade-off  curves  at  the  various 
electron  energies  used.  The  differences 
among  these  curves  are  not  very 
pronounced.  Anyway  they  seem  to  suggest 
the  6.6  MeV  energy  are  more  favourable 
compared  to  the  9.2  and  11.7  Mel*. 
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Helium  Implantation  for  Lifetime  Control  in  Silicon  Power  Devices 


Wolfgang  Wondrak  and  Alfred  Boos 

AEG  Forschungsinstitut  Frankfurt,  Goldsteinstr.235,  6000  Frankfurt  71 


The  concentration  profile  of  defect  centres  in  silicon  induced  by  a  -particle 
irradiation,  is  investigated  using  deep  level  transient  spectroscopy  and 
spreading  resistance  measurements.  As  in  the  case  of  proton  irradiation,  a 
buried  recombination  centre  doped  layer  is  created  in  the  penetration  depth  of 
the  particles.  In  contrast  to  proton  irradiations,  after  annealing  of  a  -par¬ 
ticle  irradiated  samples  no  shallow  donor  doped  layers  are  observed,  which  can 
severely  affect  the  breakdown  voltage  of  power  devices. 


1.  INTRODUCTION 

High  energy  (  > IMeV )  implantation  of  protons 
in  silicon  results  in  narrow  radiadion 
damaged  layers  buried  in  depths  >10  pm.  This 
has  been  discussed  as  a  new  technology  for 
localized  lifetime  reduction  in  power  de¬ 
vices,  such  as  diodes  and  gate-turn-off 
1  2 
thyristors  ,  insulated  gate  transistors  ,  and 

3 

static  induction  thyristors  .  Additionally  to 


FIGURE  1 

Influence  of  a  buried  n-doped  layer  on  the 
breakdown  voltage  of  a  p  -n'-n  power  diode 
(calculated) 


the  formation  of  recombination  centres, 
proton  implantation  and  subsequent  annealing 
introduces  shallow  hydrogen  donors  which 
affect  the  original  doping  profiles  of  the 
devices.  This  may  be  advantageous  in  some 
cases,  but  for  power  diodes  for  example,  a 
recombination  layer  with  enhanced  n-type 
conductivity  located  near  the  pn-junction 
will  reduce  the  blocking  voltage  (see  fig. 
1).  In  order  to  overcome  this  problem,  a 

4 

-particle  irradiation  has  been  proposed  . 

In  this  paper,  the  defect  distributions  in 
proton-  and  in  a -particle  irradiated  silicon 
are  compared.  We  show,  that  for  localized 
lifetime  control  in  power  diodes  a -particle 
irradiation  is  superior  to  proton  ir¬ 
radiation. 

2.  RESISTIVITY  PROFILES 

Integral  information  on  the  defect  concen¬ 
tration  profiles  was  obtained  by  spreading 
resistance  measurements.  Wacker-f loat-zone 

1 A  *3 

silicon  doped  with  10  cm  phorphorous  was 
irradiated  with  protons  (2-5  MeV)  and  a-par- 
ticles  (3-11  MeV).  After  proton  irradiations 
(fig.  2)  and  after  o -particle  irradiations 
(fig.  3),  the  resistivity  increases.  The  high 
resistivity  peak  is  always  followed  by  a 
layer  with  slightly  increased  conductivity. 
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FIGURE  2 

Spreading  resistance  profiles  after  proton 
irradiations.  Fluence:  1x10  cm  . 

2  MeV  (#1).  3  MeV  (#2),  5  MeV  (#3) 


FIGURE  3 

Spreading  resistance  profiles  after  a-particle 
irradiations.  Fluence:  1x10'£cm  . 

3  MeV  (#1),  6  MeV  (#2),  8.8  MeV  (#3),  11  MeV 
(#♦),  13  MeV  (#5) 


Depth  (pm) 


FIGURE  4 

Spreading  resistance  profiles  ^fter  thermal 
anneal.  Irradiation:  1x10  ^  cm'^  H  ,  3  MeV. 
Irradiated  (#1).  350°C  (#2).  400°C  (#3) 


The  resistivity  minimum  corresponds  to  the 
theoretical  projected  range,  which  depends  on 
the  particle  energy. 

After  350°C  furnace  annealing  of  proton-im¬ 
planted  silicon  (fig.  4),  a  layer  of  in¬ 
creased  conductivity  evolves  in  the  particle 
range  due  to  the  formation  of  hydrogen-donors 
5.  Above  350°C,  the  doping  concentration 
decreases . 


0  50  100  150 


FIGURE  5 


Depth  (pm) 


Spreading  resistance  profiles  jfter  thermal 
anneal.  Irradiation:  1x10’^  cm'^  He  ,  11  MeV 
Irradiated  (#1),  350°C  (#2),  400°C  (#3) 
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In  a-particie  irradiated  silicon,  no  such 
donor  formation  was  observed.  After  annealing 
at  350°C  only  a  little  "dip"  in  the  resisti¬ 
vity  profile  is  found  (fig.5),  which  disap¬ 
pears  at  higher  temperatures.  This  behaviour 
nay  be  caused  by  energetically  deep  lying 
donors,  reported  by  Yoshizawa  et  al  ®. 

3.  RECOMBINATION  CENTRE  PROFILES 
The  recombination  centres  were  investigated 
using  DLTS.  Proton  irradiation  induces  a 
variety  of  defects  (fig.6),  most  of  them  are 
not  yet  identified7. 

The  defect  spectrum  after  a -particle  ir¬ 
radiation  is  very  similar  (fig. 7),  only  the 
signal  E(220K)  in  covered  by  an  additional 
signal  E(210K),  and  the  minor  peaks  E(70K)  and 
E(80K)  are  missing.  The  fraction  of  energe¬ 
tically  deep  lying  levels,  which  are  conside¬ 
red  to  be  very  effective  recombination  centres 
is  higher  than  in  the  case  of  proton  irradia¬ 
tions.  The  concentrations  of  all  proton 
induced  radiation  defects  show  a  marked  peak 
at  the  particle  range.  Rp  <fig.8).  The  defect 
concentration  profiles  after  a-particle 
irradiation  show  the  same  behaviour  (fig. 9). 
The  concentrations  increase  from  the  surface 
to  the  particle  range  and  then  drop  rapidly. 
In  this  depth,  the  relative  abandances  of 
energetically  deep  lying  levels  are  much 
higher,  especially  in  the  a-particle  ir¬ 
radiated  samples. 


tempera  jure  (K) 


FIGURE  6 

DLTS-Spectrum  of  irradiated  n-type  silicon. 
Irradiation:  3x10™  cm'*  H*.  3  MeV 
Space  charge  layer  just  below  the  particle 
range  (96-100  pm) 


temperature  (K) 


FIGURE  7 

DLTS-Spectrum  of  irradiated  n-type  silicon. 
Irradiation:  2x10™  cm**  He  .  8.8  MeV 
Space  charge  layer  just  below  the  particle 
range  (61-66  pm) 


Defect,, profiles  after  3  MeV  H+  irradiation 
(3x10™  cm-*),  not  annealed 


0  10  20  30  40  50  60  70 

depth  (pm) 


FIGURE  9 

Defect  profiles  after  8.8  MeV  He**  ir¬ 
radiation  (2x10™  cm**),  not  annealed 


4.  CONSEQUENCES  FOR  POWER  DEVICES 
Proton  irradiation  is  a  versatile  tool  for 
localized  lifetime  control  in  semiconductor 
devices.  The  formation  of  hydrogen-donors  in 

e  J 

proton-irradiated  devices  (about  4x10  cm 
for  1x1012cm‘2  implant  dose)  inevitably  leads 
to  changes  in  the  doping  level  and  may  thus 
affect  the  blocking  capability  of  power 
devices  in  an  undesired  way^ 

Application  of  a -particle  irradiation  enables 
the  creation  of  buried  recombination  layers 
without  this  doping  effect. 

The  consequences  are  shown  for  power  diodes: 
Two  groups  of  pnn+-diodes  with  junction  depth 
of  50  pm  and  1360  V  blocking  voltage  were  ir¬ 
radiated  with  3x1012cm'2  protons  at  2.25  MeV 
energy  (corresponding  to  the  example  of  fig.1) 
and  with  3x101}cm'2  a-particles  at  8.8  MeV 
energy  respectively,  in  order  to  create  the 
maximum  damage  in  about  10  pm  below  the 
junction  in  both  cases.  For  thermal  stabili¬ 
sation  the  devices  were  annealed  for  1/2h  at 
350°C .  The  forward  voltage  drop  was  1.76  V 
(#1)  and  1.63  V  (#2),  respectively  at  a 
current  density  of  110  A/cm*.  The  very  soft 
reverse  recovery  characteristics  can  be  seen 
from  fig. 10.  Whereas  the  blocking  voltage  of 
the  a-particle  irradiated  diodes  remained  at 
1360  V,  the  blocking  voltage  of  the  proton 
irradiated  diodes  degraded  to  960  V. 


FIGURE  10 

Reverse  recovery  of  a-particLe  irradiated  (1) 
and  proton-irradiated  (2)  pnn  -diodes  with  the 
same  forward  voltage  drop.  Tj*25°C 


5.  SUMMARY 

Our  results  indicate,  that  a-particle  ir¬ 
radiation  is  a  promising  technology  for 
localized  lifetime  control  in  silicon  devices. 
Because  of  the  higher  damage  rate  compared 
with  proton  irradiation,  smaller  particle 
fluences  are  necessary  for  a  given  switching 
behaviour.  Furthermore,  the  fraction  of  deep 
recombination  centres  is  remarkably  larger  ina 
-particle  irradiated  silicon. 

This  technology  enables  the  creation  of  buried 
recombination  layers  without  undesired  donors. 
In  this  way,  the  dynamic  properties  of  power 
diodes  were  optimized  without  sacrificing 
their  blocking  capabilities. 
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Isolation  Techniques  in  Power  ICs  with  Vertical  Current  Flow 

R.  Zambrano,  G.  Ferla,  S,  Musumeci,  M,  Paparo 

S  G  S  Mi croel et t roni ca  s.p.a. 

Stradale  Primosole,  50  -  95121  Catania  (Italy) 


The  increase  in  the  range  of 
applications  of  today's  ICs  is  direcLly 
related  to  the  fabrication  of  devices 
which  can  both  withstand  higher  voltages 
and  handle  larger  currents. 

This  can  be  accomplished  either  by 
improving  the  performances  of  the 
standard  ICs,  or  by  utilising 
"intelligent"  power  transistors,  e.g. 
monoli thically  integrating  the  power 
stage  and  a  low  voltage  control 
circui try . 

To  operate  successfully  in  the  high 
Vol L* Ampere  range,  the  power  stage  must 
have  a  vertical  current  flow  and  is 
therefore  built  on  lightly  doped  n-type 
layers.  It  is  possible  to  realise 
vertical  power  stages  with  either  a 
single  insulated  collector  (or-  drain) 
transistor,  or  with  many  transistors 
sharing  a  common  collector  (drain. ) 

The  vertical  current  flow  allows  the 
best  exploitation  of  the  Si  area,  since 
it  maximises  the  current  density,  unlike 
the  standard  ICs,  where  the  current  flow 
makes  a  U-turn. 

Figure  1  shows  the  difference  between 
the  two  structures.  Q 

The  technology  described  in  this 
paper  takes  advantage  of  the  better 
performances  of  the  vertical  sti'uctui'e 
transistors  together  with  the  well  known 
low  cost  and  design  flexibility  of 


standard  bipolar-  ICs. 


J  ,  A/ mm2 


Current  density  vs.  open  base  bx-eakdown. 


A  p-Lype  buried  layer  is  realised  to 
insulate  the  single  components  from  each 
oLhef  and  from  the  power  part  (fig.  2), 
this  is  noL  an  easy  task  due  to  the  fast 
"out-di Tfusion"  of  Lhe  boron  towards  the 
device  surfaces. 


Figure  2 

Vertical  PIC  isolation  structure. 
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Figure  3  shows  two  dopant  concentra¬ 
tion  profiles  along  a  vertical  section 
passing  through  Lhe  two  buried  layers. 


i 
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Figure  3a 
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Figure  3b 


Before  Che  upper  epitaxial  growth  the 
Sb  (or  Ah)  and  the  B  have  already  been 
diffused  at  high  tempera Lures  (3a),  the 
ratio  between  the  Hurfaoe  oonuent rati one 
is  large.  After  the  epilayer  growth  and 
the  isolation  diffusion,  however,  the 
situation  changes  (3b.)  The  B  diffuses 
out  faster  than  Sb  and  at  the  interface 
between  the  n-type  epilayer  and  the 
ri-Lype  buried  layer  their  concentrations 
are  similar. 

This  poses  the  problem  that  the  boron 
concentration  in  the  region  between  the 
surface  and  the  n-type  buried  layer  has 
to  be  smaller  than  the  sum  of  the  n-type 
impurities  in  order  to  avoid  the 
appearance  of  phantom  layers. 

In  addition  the  punch- through  voltage 
of  the  p-type  buried  layer  should  be 
higher  than  the  sum  of  the  power  and  the 


low  voltage  transistor  breakdowns  and 
thus  a  bargain  between  these  two 
requirements  must  be  struck. 

The  solution  cannot  be  found  by 
increasing  or  decreasing  the  boron 
concentration;  indeed,  more  sophisticate 
techniques  have  been  developed. 

Three  solutions  are  possible,  they 
can  be  utilised  separately  ox-  in 
combination  : 

-  increasing  the  concentration  of  the 
upper  epiLaxial  layer , 

-  adding  a  lower  dose  of  phosphorous 
in  the  n-type  buried  layer', 

-  placing  an  additional  epilayer 
between  the  two  buried  layers. 

Each  of  these  techniques  is  aimed  at 
a  given  voltage  range  :  it  is  not 
possible  to  increase  the  concentration 
of  the  upper  epilayer  if  a  very  high 
breakdown  vollage  is  needed,  nor  is  it 
possible  to  space  apart  the  two  buried 
layers  if  a  low  vultage  device  has  to  be 
made. 

The  evaluation  of  the  Junction 
isolation  in  standard  ICs  is  dune  by 
considering  three  parameters,  namely  the 
current  gain  of  the  lateral  npn 
parasitic  transistor  N1  (whose  emitter, 
col lector  and  base  are  two  adjacent 


Figure  4 

Parasitic  transistors  in  PIC. 
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epitubs  and  Lhe  i  aula  L  ion  rail  ion, 
respectively ) ,  its  collector-base 
breakdown  (shorted  emitter),  and  its 
punch- through  voltage. 

In  Lhe  PIC  ahown,  •  two  additional 
paraaitiu  tranaiatora  (one  npn  and  one 
pnp)  auat  be  taken  into  account.  Their 
eaitter,  baae  and  collector  are, 
reapec Lively  ! 

1 )  the  two  buried  layera  and  the 
n-type  aubatrate  (N2),  and 

2)  the  baae  of  the  power  atage,  the 
n-Lype  aubatrate  and  the  iaolation 
region  (PI.) 

These  three  tranaiatora  are  indicated 
in  figure  4,  figures  5  to  7  show  their 
DC  characteristics.  Only  the  npn 
transistor  whose  emitter  and  baae  are 


»  no  »oo 
Ic.ha 

Figure  5 


N1  current  gain. 


Ic  .  mA  time  .  0.5p./*v 

Figure  6  Figure  9 

N2  current  gain  Collector  vol tage/current  crossing. 
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already  been  implemented  on  pratiual  PIC 
dev iuea  having  a  da fling ton  power  stage 
and  a  control  aide  driven  by  logic  level 
inputa  ( fig.  8. ) 

A  proper  layout  design  of  the  device 


(optimised  grounding  netwo 

rk, 

power 

geome  try )  al Iowa 

a  26  gipttM 

die 

to 

drive  a  450  V  / 

5  A  load 

(DC 

aotor ) 

with  a  awi lulling 

apeed  in 

ttxceuu 

of 

1000  V  /  oiicrosec 

(fig.  9.) 
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Abstract 

In  this  paper  we  investigate  the  small-signal  properties  of  polycrystalline-silicon  MOSFET’s 
by  means  of  a  newly-developed  device-analysis  program.  The  physical  model  of  the  grain- 
boundaries  includes  both  donor  and  acceptor  energy-distributed  traps  and  accounts  for 
time-dependent  carrier-storage.  The  above  phenomena  are  shown  to  be  responsible  for 
anomalously-large  parasitic  capacitances,  which  can  seriously  affect  the  transistor  dynamic 
behaviour.  Moreover,  the  admittance  matrix  turns  out  to  be  strongly  non-reciprocal,  and 
an  equivalent  circuit  is  identified  characterised  by  a  transadmittance  with  an  imaginary  part 
up  to  3-4  orders  of  magnitude  larger  than  the  oxide  admittance. 


1.  Introduction 

Polycryatalline-silicon  thin  film  transistors  (TFT’s) 
are  currently  investigated  as  active  elements  in  liquid- 
crystal  flat-pa.  el  displays  and  as  a  possible  alternative 
to  silicon  on  insulator  (SOI)  MOSFET’s.  In  order  to 
overcome  the  problems  of  TFT’s,  such  as  low  carrier 
mobility,  high  leakage  current  and  large  threshold  volt¬ 
age,  which  are  of  major  concern  for  dynamic  applica¬ 
tions,  a  large  effort  has  been  devoted  to  improve  the 
quality  of  the  film.  Hydrogen  passivation  has  resulted 
in  reduced  density  of  grain-boundary  traps,  while  zone¬ 
melting  recrystallization  has  been  identified  as  a  key 
process  to  increase  the  grain  size.  However,  the  overall 
electrical  performances  are  not  fully  satisfactory,  and 
are  still  essentially  influenced  by  the  large  amount  of 
traps  at  the  grain  boundaries. 

The  switching  properties  of  TFT’s  play  an  impor¬ 
tant  role  when  the  drivers  of  the  liquid-crystal  transis¬ 
tor  array  are  integrated  onto  the  polycrystalline-silicon 
film.  In  this  paper  we  investigate  the  dynamic  be¬ 
haviour  of  TFT’s  by  using  a  two-dimensional  device¬ 
analysis  program,  HFIELDS,  developed  at  the  Univer¬ 
sity  of  Bologna.  The  program  provides  steady-state, 
small-signal  and  transient  analysis,  does  not  impose 
any  restriction  on  device  geometry,  and  can  handle  dif¬ 
ferent  semiconductor-semiconductor  or  semiconductor 
insulator  interfaces,  allowing  for  both  donor  and  ac¬ 
ceptor  interface  states.  The  latter,  in  turn,  can  be 
either  monovalent  or  energy-distributed;  thus  the  pro¬ 
gram  can  realistically  simulate  polycrystalline-silicon 
devices.  In  (1]  it  was  shown  that  the  simulation  re¬ 
sults  by  HFIELDS  can  qualitatively  interpret  experi¬ 
mentally  observed  phenomena  such  as  the  large  thresh¬ 
old  voltage  and  the  transconductance  degradation  in 
subthreshold  and  strong  inversion.  The  above  result 


was  achieved  by  idealizing  the  polycrystalline-silicon 
film  by  a  number  of  equal-size  grains,  with  strictly  two- 
dimensional  grain  boundaries  where  a  large  amount  of 
both  donor  and  acceptor  traps  was  accommodated.  We 
believe  that  the  same  approach,  even  without  trying 
to  fit  any  experimental  data,  can  help  in  understand¬ 
ing  some  remarkable  capacitive  effects  which  can  neg¬ 
atively  influence  the  dynamic  behaviour  of  the  device. 

In  the  next  section  the  small-signal  model  of  the 
grain  boundary  is  discussed,  while  section  3  is  dedi¬ 
cated  to  the  polycrystalline-silicon  MOSFET  simula¬ 
tion.  Conclusions  will  follow  in  section  4. 

2.  The  smaU-signal  model  of  the  grain  boundary 

The  grain  boundaries  are  treated  as  strictly  two- 
dimensional  interfaces,  where  both  acceptor  and  donor 
traps  with  energy  distributions  Nu^  ( Et ),  Nu^  (Et), 
respectively,  are  accommodated.  The  above  states  in¬ 
fluence  the  electric  potential  distribution  because  of 
the  trapped  charge;  on  the  other  hand,  according  to 
Shockley-Read-Hall  statistics,  they  enhance  the  gen¬ 
eration-recombination  rates,  which,  in  turn,  are  re¬ 
lated  to  the  time  dependent  modulation  of  the  trapped 
charge.  By  defining  n;(  =  n^Et)  the  trapped -electron 
density  at  the  level  Et,  cH  and  ep  the  capture  probabil¬ 
ities,  e„  and  tT  the  emission  probabilities  of  electrons 
and  holes,  respectively,  the  physical  model  is  described 
by  the  following  set  of  partial  differential  equations 

divD  =  q(p-n+  N)+  pit 6(r  - r»)  (la) 

^  -  -  div  J*  =  (G  -  R)in  6(r  -  r.)  (16) 

ox  q 

+  i  div  J,  =  (G  -  R)iP  S( r  -  r.)  (lc) 
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=  Cnt^Nit  -  »j,)  -  e»»Ht  -  *,pmt  +  «p(N>t  -  *it) 
at 

(1<0 

comprising  Poisson's  equation  (la),  carrier-continuity 
equations  for  electrons  (16)  tand  holes  (lc)  and  the 
detailed-balance  equation  for  the  trapped  charge  at  the 
energy  level  B,  (Id).  In  (Id),  Nit{Et)  =  N^(E,)  + 
Njf*{Et),  e,  =  e»«i,  e,  =  e,pu  with  »i  =  n,  exp((£*- 
Ei)/kT\,  pi  =  iKap((£i  -  Et)/kT\,  Ei  being  the  in¬ 
trinsic  Fermi  level.  Carrier  transport  is  based  on  the 
drift  diffusion  mechanism,  as  in  standard  single-crystal 
devices.  Among  non-standard  terms,  Pit  is  the  inter¬ 
face-trapped  charge  density  per  unit  area,  r,  denotes 
the  iih  interface  region  and  (G  —  ff)«  ,  (G  —  R)ir  are 
the  net  generation  rates  per  unit  area  for  electrons  and 
holes,  respectively.  Remembering  that  the  acceptor 
states  are  negatively  charged  when  filled,  and  the  donor 
states  are  positively  charged  when  empty,  we  have 


Pit  =  qj  (jwfi0  (1  -  fit)  -  fit\  dEt 


[G  -  R)in  =  j  enNit[(n  +  ni)/jt  —  n]  dEt  (26) 

*. 

(G  -  R)ir  -  J  CjNitlpt  -  (p  +  Pi)/«]  dEt,  (2e) 

*. 

fit{Et)  =  nit(Et)JNit(Et)  being  the  occupation  prob¬ 
ability. 

Notice  that  the  above  equations  folly  account  for 
the  time-dependent  carrier  storage  effect.  Integrating 
(Id)  over  the  energy  gap  and  using  (2)  we  can  write 

\^§f  =  (G-R)in-[G-R)ip,  (3) 

which  clearly  shows  that  only  in  steady-state  the  gen¬ 
eration-recombination  rates  for  electrons  and  holes  be¬ 
come  equal,  and  system  (1)  reduces  to  the  standard 
form  usually  adopted  by  device-analysis  programs. 

The  general  solution  of  the  above  equations  pro¬ 
vides  <p ,  n,  p,  fn  os  a  function  of  time  over  the  device. 
The  details  of  the  numerical  solution  in  the  case  of 
small-signal  analysis  are  given  in  [2j.  In  the  same  work 
it  v/as  shown  that,  letting  6 fit  =  Re(/<exp(j'wt)]  be 
the  variation  of  fa  when  a  sinusoidal  signal  of  angular 
frequency  w  is  applied  to  one  electrode,  the  following 
expressions  hold 

fit  =  [c.(l  ~  4e))n  -  e,/<0)p|  (4) 

(5) 


and  n,  p  the  complex  numbers  representing  the  AC 
variations  of  the  carrier  concentrations;  r  is  the  charac¬ 
teristic  time-constant  of  the  trapping-detrapping  mech¬ 
anism. 

The  dependence  of  fa  on  wr  is  responsible  for  the 
anomalous  capacitive  behaviour  of  the  grain  bound¬ 
ary.  In  a  former  analysis  of  a  silicon  bicrystal,  Seo- 
ger  and  Pike  identified  an  anomalous  low-frequency 
capacitance  effect  due  to  the  trapped-charge  induced 
modulation  of  the  barrier  heigth  which  develops  at  the 
groin  boundary  under  non-equilibrium  conditions  [3], 
Similar  results  were  obtained  in  [2]  by  using  the  above 
model  of  the  grain  boundary.  Such  an  effect  can  be 
explained  as  follows.  When  a  sinusoidal  signal  is  ap¬ 
plied  to  the  bicrystal,  an  out-of-phase  modulation  of 
the  trapped  charge  pa  =  —qNufa,  with  fa  given  by 
(4),  follows.  This  induces  an  out-of-phase  modulation 
of  the  potential  barrier  via  Poisson’s  equation  and  since 
the  current  flowing  across  the  barrier  is  an  exponential 
function  of  the  barrier  height,  its  out-of-phase  modula¬ 
tion  gives  rise  to  a  large  capacitive  current  proportional 
to  the  d.c.  current.  Under  equilibrium  conditions,  due 
to  symmetry  reasons,  no  change  of  the  trapped  charge 
occurs,  and  the  above  effect  vanishes;  therefore  only 
the  capacitance  term  related  to  the  depletion  region 
around  the  interface  is  measurable.  When  the  oper¬ 
ating  frequency  is  well  above  1/r,  the  trapped  charge 
cannot  follow  any  more  the  input  signal,  thus  causing 
a  dispersive  effect  of  the  capacitance  curves. 

The  analytical  model  by  Seager  and  Pike  is  based 
on  the  thermionic  theory.  However  it  has  been  shown 
that  also  the  diffusion  approach  leads  to  the  same  expo¬ 
nential  dependence  of  the  d.c.  current  density  on  the 
barrier  potential,  only  the  pre-exponential  factor  be¬ 
ing  affected.  Moreover,  the  diffusion  approach  is  moat 
appropriate  for  small  barriers  at  low  doping  densities, 
when  kT/qEmat  >  A,  Ema.z  being  the  electric  field 
at  the  interface  and  A  the  mean  free  path  of  the  car¬ 
riers.  Both  models  rely  on  some  simplifying  assump¬ 
tions:  uniformly  doped  crystals,  abrupt  depletion  ap¬ 
proximation,  negligible  minority  carrier  contribution  to 
the  current  density.  In  TFT’s  the  situation  is  even 
more  complicated  by  the  effect  of  the  transverse  electric 
field  induced  by  the  gate,  and  by  the  rapid  variation  of 
the  electron  concentration  in  the  channel  region  normal 
to  the  semiconductor-codde  interface.  The  numerical 
approach  followed  here  removes  all  these  limitations, 
hence  it  is  believed  to  provide  reliable  informations  on 
the  dynamic  behaviour  of  the  currently  investigated 
devices. 


T  =  M»  +  ni)  +  ep(p  +  Pa)]-1, 


S.  The  polycry  s  talline-i  ilicon  MOSFET 

The  mesh  of  the  simulated  polycrystailine-silicon 
MOSFET  having  a  channel  length  L  —  6  /im  and  a 
film  thickness  t,  =  0.2  pm  is  shown  in  figure  1;  all 
the  grains  are  1  /im  long.  The  density  of  the  inter¬ 
face  states  is  101Jem-3  eV-1  at  midgap  and  increases 
exponentially  toward  the  band  edges.  This  U-shaped 
energy  distribution  is  consistent  with  several  experi¬ 
mental  results  based  on  different  techniques  [4}.  The 
distributed-line  AC  equivalent  circuit  is  sketched  in  fig¬ 
ure  2.  Here,  G(Vq)  and  C[Vq)  represent  the  equivalent 
parallel  conductance  and  capacitance  associated  with 
each  grain  boundary  along  the  channel. 

A  small  change  of  the  gate  voltage  modulates  the 
parallel  capacitances  C(Vq),  thereby  generating  an  out 
of  phase  current  flowing  along  the  channel.  The  result¬ 
ing  capacitance  Csg,  i.e.  the  current  flowing  out  of 
the  source  contact  following  a  change  in  gate  voltage, 
turns  out  to  be  extremely  large,  and  not  related  to  the 
oxide  capacitance.  Thus,  Csg  »  Gas  (as  the  gate 
current  must  always  flow  across  the  distributed  oxide 
capacitance)  and  a  strongly  non-reciprocal  admittance 
matrix  results.  This  conclusion  is  demonstrated  in  fig¬ 
ures  3  and  4,  where  Cgs ,  CGD,  Csg  and  Cdg,  normal¬ 
ized  to  the  oxide  capacitance,  are  represented  against 
the  drain  voltage  for  a  given  VG.  It  should  be  no¬ 
ticed  that  Coo  is  negative  and  nearly  equal  to  -Csg- 
The  same  figure  also  shows  Csd  and  Cos  which,  as 
opposed  to  the  standard  MOSFET  source-drain  and 
drain-source  capacitances,  are  both  positive  and  large 
(up  to  some  1,000  times  the  oxide  capacitance)  as  soon 
as  the  drain  voltage  exceeds  approximately  IV.  As  the 
capacitances  associated  with  the  boundaries  are  in  se¬ 
ries,  the  total  capacitance  is  dominated  by  the  smallest 
one.  Finally,  the  oscillations  in  the  curves  are  likely  to 
be  due  to  the  small  number  of  grains  constituting  the 
silicon  thin  film. 

The  lumped-element  equivalent  circuit  is  shown  in 
figure  5,  where  Cos  ,  Cgd  and  Csd  are  the  same  as 
before,  Go  is  the  equivalent  conductance  between  drain 
and  source,  and  the  current  generator  Ym  Vqs  is  the 
result  of  the  non-reciprocity  of  the  admittance  matrix. 
Notice  that  Ym  =  Gm  +  juCm,  w  being  the  operating 
angular  frequency,  is  a  complex  number  representing 
the  transadmittance  of  the  MOSFET.  Since  we  have 
only  four  linearly  independent  terms  in  the  admittance 
matrix,  given  Csd,  Cod  and  Cgs,  the  capacitance  Cm 
is  uniquely  determined  by  one  of  the  following  relations 

Cds  =  Cm  +  Csd 

Csg  =  Cm  +  Cgs 

CgD  —  Cm  +  Cog 

as  can  be  inferred  from  the  figure. 


While  Cgs  and  Cgd  are  strictly  related  to  the  ox¬ 
ide  capacitance,  all  other  components  of  the  equivalent 
circuit  essentially  depend  on  the  trapping-detrapping 
processes  at  the  grain  boundaries;  therefore  they  dis¬ 
play  the  same  dispersive  properties  as  the  bicrystal 
when  the  operating  frequency  varies  in  the  range  of 
the  audio  frequencies.  This  is  shown  in  figure  6,  where 
it  is  evident  that  Cm  and  Csd  remain  constant  up  to 
lKHz,  for  given  values  of  the  drain  and  gate  voltages. 
For  higher  frequencies,  both  capacitances  drop  and  the 
effect  of  the  traps  is  no  longer  evident. 

4.  Conclusions 

We  have  shown  in  this  paper  that  the  modulation 
of  the  barrier  height  which  occurs  at  the  grain  bound¬ 
aries  of  polycrystalline  silicon  MOSFET’s  as  a  conse¬ 
quence  of  the  AC  charge  storage,  is  responsible  for  ex¬ 
tremely  large  Cdg  ,  Csg  and  Cds  values,  which  neg¬ 
atively  affect  the  dynamic  behaviour  of  the  above  de¬ 
vices.  The  admittance  matrix  turns  out  to  be  strongly 
non-reciprocal.  Such  a  behaviour  can  be  fully  described 
by  an  equivalent  circuit  which  is  characterized  by  the 
presence  of  the  transadmittance  Ym  =  Gm  +  j<*>Cm, 
where  Cm  can  be  extremely  high  compared  with  the 
oxide  capacitance.  Such  an  effect,  however,  disappears 
at  sufficiently-large  operating  frequencies,  at  which  the 
trapping  centers  do  not  respond  to  the  small-signal 
variations  of  the  electric  potential  and  carrier  concen¬ 
trations. 
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Fig.  1:  Meah  of  the  simulated  polycryatalline-silicon  Fig.  4:  Normalized  capacitances  Cg,,  C.g,  Cg,,  C.d  vs 
MOSFET.  the  drain  voltage. 
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Fig.  2:  Equivalent  circuit  of  the  polycrystalline-silicon 
MOSFET  under  non-equilibrium  conditions. 
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Fig-  3:  Normalised  capaeHe«ce?  =  Cgd/ Cot  and 
C,,  =  Cgs/C0 ,  vs  the  drain  voltage. 
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Fig.  5:  The  lumped-element  equivalent  circuit  of  the 
polycrystalline-silicon  MOSFET.  Ym  =  gm  +  jwCm  is 
the  transistor  transadmittance. 
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Fig.  6:  Normalized  capacitances  C,g  and  Cm  vs  fre¬ 
quency. 
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IMPROVED  DETERMINATION  OF  SURFACE  MOBILITY  AT  MOSFETS  WITH  THIN  GATE  OXIDE 

W.  Soppa,  H.-G.  Wagemann 

Technische  Universitat  Berlin 

Institut  fiir  Werkstoffe  der  Elektrotechnik 

Jebensstr.  1,  D-1000  Berlin  12,  West -Germany 


We  propose  an  extraction  procedure  to  determine  the  surface  mobility  of  MOSFETs 
based  on  the  drain  current  equation  after  Pao  and  Sah.  This  model  is  extended  to 
consider  short  channel  effects  and  the  charge  of  interface  states  in  nonequilibrium. 
At  low  drain  voltage  the  calculated  drain  current  is  compared  to  two-dimensional 
simulation  results.  Excellent  agreement  is  found  for  samples  with  oxide  thickness 
down  to  20  nm  even  for  MOSFETs  with  channel  length  of  submicron  dimensions. 

Extracted  mobility  values  are  in  good  agreement  with  experimental  results  of  time- 
of-flight  measurements  and  are  found  to  be  independent  from  oxide  thickness.  At  low 
oxide  thickness  the  surface  mobility  extraction  using  the  charge  sheet  model  leads 
to  remarkable  different  values. 

1.  INTRODUCTION 

Electrical  characterization  of  scaled  semi¬ 
conductor  devices  is  indispensible  for  the  de¬ 
velopment  of  VLSI  circuits  and  technology.  One 
of  the  most  interesting  quantities  for  MOSFETs 
is  the  drain  current  as  function  of  gate  and 
drain  bias.  Its  calculation  requires  a  reliable 
mobility  model  which  should  be  able  to  consider 
all  important  influences  on  surface  charge 
transport:  doping  as  well  as  surface  roughness, 
parasitic  oxide  and  interface  charges.  For  the 
evaluation  of  such  a  model  it  is  essential  to 
get  meaningful  experimental  results  for  differ¬ 
ent  processing  conditions. 

A  widely  used  extraction  procedure  is  calcu¬ 
lating  the  surface  mobility  from  measured  MOSFET 
dc  transfer  characteristics  by  using  the  charge 
sheet  drain  current  model  (see  e.g.[l]).  It  has 
been  shown  [2]  that  this  model  fails  at  low  gate 
fields  near  threshold  especially  when  analyzing 
devices  with  thin  gate  oxide.  This  is  due  to 
assuming  the  gate  capacitance  equaling  the  con¬ 
stant  oxide  capacitance  C  which  is  too  strong 
a  simplification. 

In  this  paper  we  present  an  improved  extrac¬ 
tion  procedure  for  evaluating  the  surface  mobil¬ 
ity  at  MOSFETs  especially  with  thin  gate  oxide. 

It  is  based  on  the  extended  drain  current  model 


of  Pao  and  Sah  [3]  which  is  compared  to  two-di¬ 
mensional  simulation. 

Results  from  n-channel  MOSFETs  fabricated 
under  different  processing  conditions  are  pres¬ 
ented  and  compared  to  experimental  data  of  time- 
of-flight  measurements.  The  difference  in  ex¬ 
tracted  values  of  surface  mobility  compared  to 
those  frc>  the  standard  extraction  procedure 
are"  discussed. 

2.  EXTENDED  DRAIN  CURRENT  MOOEL 

Pao  and  Sah  [3]  have  formulated  the  drain 
current  of  a  MOSFET  in  the  gradual  channel  ap¬ 
proximation.  By  defining  the  effective  surface 
mobility  averaged  over  b11  channel  carriers  n 
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with  <p  being  the  semiconductor  potential,  and 
restricting  to  the  case  of  low  fields  parallel 
to  the  silicon-silicondioxide  interface  (that 
means  low  drain  voltage),  the  drain  current  may 
be  written  as 
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°ds  y  eB(«p-o 

*D  =  L  *»  "i^Di^eff  J  /  n^r  •  (2) 

0  Vs 

Lp^  is  the  Debye  length  of  the  intrinsic  semi¬ 
conductor,  6  =  q/kT,  <Pg  is  the  bulk  potential 
and  Z,  L,  q  and  have  their  common  meanings. 
The  nonequilibrium  F-function  is  given  by 


F(<p,£)  =  -  sign(<fMj)B)*{e6^'p'^^  -  e1 

-B<Pb  .  & 
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KK 


represents  the  short  channel  factor  and 


will  be  discussed  later,  for  long  channel  de¬ 
vices  Fkk  s  1.  The  nonequilibrium  potential  £ 
is  determined  by  the  difference  between  hole  and 
electron  quasi  Fermi  potential.  The  surface 
tential  <p^  is  determined  by  the  voltage  drop 
across  the  MOS  system 


UGS  =  *S  -  VB 

-  tQac(<Ps>0  +  Qf  +  Qit(<ps.O]  + 

ox  M 


(4) 


Qf  is  the  fixed  charge,  Qit  the  charge  of  inter¬ 
face  states  and  the  work  function  differ- 

“O 

ence.  These  quantities  are  frequently  combined 
to  the  flat  band  voltage. 

For  the  purpose  of  modeling  real  MOSFETs 
properly,  two  important  extensions  are  required. 
The  first  one  is  a  model  for  the  charge  Qit  of 
interface  states  in  stationary  nonequilibrium. 

As  has  been  found  [4],  [5],  donor  type  inter¬ 
face  states  are  mainly  located  in  the  lower 
half  and  acceptor  type  interface  states  D^t 
mainly  in  the  upper  half  of  the  silicon  bandgap. 
Therefore,  the  charge  of  interface  states  is 
given  by 


*V  I  I>itD(<p)  fp(<p)d<p 
00 

-  q1  f  oit  (<p)*fn(q>)d<p  • 
-00  A 


(5) 


fn  p  ia  the  occupation  probability  of  traps  with 
electrons  or  holes,  respectively  [6].  The  den- 
sity  D^t («p)  of  interface  states  in  the  silicon 
bandgap  is  determined  experimentally  by  ana¬ 


lyzing  quaaistatic  capacitance  of  MOS-varactors 
and  is  empirically  approximated  [5],  [7]  by 

°it(*s>  =  °it  *  Dit,C08h  (?>  •  <6> 

O  X  To 

Dit  ’  °it.  and  q>Q  are  fitted  to  experimental 
datS.  As  hong  as  D^((p)  is  a  slowly  varying 
function,  the  following  approximation  of  eq.(5) 
holds 

o  V*  (7) 

Qit(<p.S)  =  ql  /  D,.  (q>)dq>  -  q1  f  D..  (q>)ckp 
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This  is  shown  in  fig.  1. 


FIGURE  1 

Charge  of  interface  states  versus  surface  poten¬ 
tial  calculated  after  eq.  (5)  (solid  line  and 
eg.  (7)  (dotted  line)  for  Difc (q>)  after  eq.  (6). 


The  second  extension  of  the  model  deals  with 
short  channel  effects.  The  charge  sharing  effect 
[8]  is  considered  in  the  calculation  of  the 
F-function  (eq.(3))  by  introducing  the  short 
channel  factor  F^  which  is  calculated  after 
Fichtner  and  Potzl  [9] 
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Up  is  the  built-in  potential  and  Xj  the  source 
and  drain  junction  depth.  As  shown  in  fig.  2, 
the  charge  sharing  effect  influences  the  trans¬ 
fer  characteristics  of  a  MOSFtT  mainly  in  weak 
inversion,  because  in  strong  inversion  the  ion¬ 
ized  impurities  play  a  minor  role  in  determin¬ 
ing  the  charge  balance  and  field  distribution 
in  the  device. 


FIGURt  2 

MOSFtT  transfer  characteristics  calculated  after 
the  Pao-Sah  model  (line  a)  and  by  considering 
the  charge  sharing  effect  eg.  (0)  (line  b). 


FIGURt  3 

txtended  Pao-Sah  model  (solid  line)  compared  to 
results  of  M1NIM0S  (symbols)  for  devices  with 
geometries  of  fig.  2. 


In  fig.  3  the  extended  Pao-Sah  model  is  compared 
to  two-dimensional  calculations  done  by  the  de¬ 
vice  simulator  M1NIM0S  for  different  channel 
lengths.  In  both  models  the  surface  mobility  is 
set  to  the  bulk  value  in  order  to  suppress  dif¬ 
ferences  in  drain  current  caused  by  different 
mobility  models,  txcellent  agreement  is  found 
for  devices  down  to  submicron  dimensions  of 
channel  lengths. 

3.  LXPtRlMtNTAl  RtSULTS  OF  LXTRACTLD  SURFACt 

MOBILITY 

NMOS  and  PMOS  samples  have  been  fabricated  in 
standard  Al-gate  and  poly-silicon  gate  technolo¬ 
gy  with  typical  device  dimensions  of  100  nm  oxide 
thickness  Bnd  2  pm  junction  depth  as  well  as  in 
scaled  poly-silicon  gate  CMOS  technology  with 
0.3  pm  junction  depth  and  36  nm  or  20  nm  oxide 
thickness,  respectively.  MOSFLTs  with  varying 
channel  lengths  of  1  to  20  pm  were  used  to  deter¬ 
mine  the  effective  channel  length  and  series  re¬ 
sistance  [10]  and  a  large  geometry  MOSFLT  and 
M0S  varactor  with  Z  x  L  s(600  pm)’  were  used  for 
capacitance  measurements  and  determination  of 
oxide  charge  Qf  and  density  Dit  of  interface 
states.  The  doping  profile  was  determined  from 
pulsed  capacitor  measurements  and  backgate  bias 
variation. 

The  surface  mobility  was  determined  from 
measured  transfer  characteristics  of  MOSFLTs 
with  low  Qf  and  at  low  drain  voltage  using 
the  extended  Pao-Sah  model.  Fig.  A  shows  results 
plotted  versus  the  effective  gate  field  as  in¬ 
troduced  by  Sabnis  and  Clemens  [11]  for  devices 
with  different  values  of  oxide  thickness.  The 
experimental  data  are  very  similar  to  those  de¬ 
termined  from  time-of- flight  measurements  [12] 
even  for  devices  with  20  nm  oxide  thickness. 
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4.  CONCLUSIONS 


FIGURt  4 

extracted  surface  mobility  for  MOSFLTs  with  dif¬ 
ferent  values  of  oxide  thickness  (symbols)  com¬ 
pared  to  time-of- flight  data  (solid  line) 

A  comparison  of  the  presented  extraction 
procedure  to  the  standard  method  using  the 
charge  sheet  model  is  shown  in  fig.  5.  While 
at  sufficient  high  gate  fields  the  evaluated 
mobility  values  are  the  same,  at  lower  fields 
near  threshold  a  remarkable  discrepancy  can  be 
realized.  This  difference  becomes  evident  at 
low  oxide  thicknesses.  In  this  case",  the  stand¬ 
ard  extraction  procedure  may  lead  to  erroneous 
experimental  data  for  the  surface  mobility. 


FIGURt  5 

txtracted  surface  mobility  data  determined  by 
the  extended  Pao-Sah  model  (symbols)  or  stand¬ 
ard  extraction  procedure  (solid  line). 


The  Pao-Sah  model  extended  to  consider  charge 
of  interface  states  and  short  channel  effects  is 
useful  for  extracting  the  surface  mobility  from 
measured  MOSFET  transfer  characteristics.  The 
results  are  comparable  to  time-of- flight  meas¬ 
urements.  Even  for  short  channel  devices  mean¬ 
ingful  surface  mobility  values  can  be  determined, 
as  shown  by  comparison  to  two-dimensional  simu¬ 
lation. 

The  extraction  procedure  leads  to  results 
which  differ  from  those  determined  by  use  of 
the  charge-sheet  model  especially  at  low  oxide 
thickness.  As  a  result  of  applying  this  improved 
procedure  it  is  found  that  mobility  data  eval¬ 
uated  from  HOSTLTs  with  varying  oxide  thickness 
do  not  depend  on  this  parameter. 
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Mobility  Model  for  Silicon  Inversion  Layers 
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The  room  temperature  low  field  mobility  of  electrons  and  holes  in  silicon  inversion  layers  has  been  studied  to 
improve  the  mobility  modeling.  Samples  with  gate  oxide  thicknesses  between  lOnm  and  50nm  and  surface 
doping  levels  of  up  to  4.5  x  101Tcm-*  have  been  used.  Three  scattering  mechanisms  were  considered  and  an 
accurate  mobility  model,  derived  from  these,  will  be  presented. 


INTRODUCTION 

The  fabrication  of  sub-micron  metal-oxide-silicon  (MOS) 
transistors  has  become  of  major  importance  in  recent  years. 
Consequent  problems  have  arisen  in  attempting  to  model 
the  mobility  of  the  charge  carriers  in  the  channels  of  such 
devices.  In  many  instances,  empirical  models  have  been  used 
and  have  been  effective  in  describing  many  devices.  How¬ 
ever,  the  advent  of  sub-micron  transistors  has  shown  the 
presence  of  certain  weaknesses  in  these  models. 

This  paper  presents  a  physically-based  mobility  mode) 
for  the  carriers  in  the  inversion  layer  of  MOS  transistors 
derived  from  considering  three  mechanisms  involved  in  the 
scattering  of  charge  carriers  in  a  surface  inversion  layer.  As 
has  been  done  elsewhere  (3),  both  the  resultant  derived  and 
measured  mobilities  are  presented  as  functions  of  the  effec¬ 
tive  normal  field  experienced  by  the  carriers,  a  method  which 
has  led  elsewhere  [l|  to  an  empirical  relation  known  as  the 
”  universal  curve”  which  is  independent  of  oxide  thickness 
and  surface  doping  density.  This  relation  is  defined  by: 

M  =  (1) 

with  Cl  in  the  range  between  -0.20  and  -0.33.  Ee  and  ^ , 
are  parameters,  values  of  which  can  be  found  in  (l). 

Plots  of  this  curve  have  been  made  in  Figs  1  and  2  along 
with  the  measured  mobility  from  certain  devices  to  be  de¬ 
scribed  later.  As  can  be  seen,  the  mobility  fall-off  at  high 
fields  is  not  followed  by  equation  1.  Unfortunately,  this  is 
precisely  the  working  region  for  MOS  transistors  with  gate 
oxide  thicknesses  in  the  neighbourhood  of  lOnm  and  with 


high  gate  drive. 

MOBILITY 

The  clear  aim  of  this  study  was  to  obtain  a  model  for 
the  low  source-drain  field  mobility  which  could  describe  the 
mobility  over  a  larger  range  of  the  effective  field  than  could 
equation  1.  As  has  been  done  elsewhere  [5] ,  the  mobility  was 
derived  by  considering  three  mechanisms  which  are  believed 
to  dominate  the  scattering  of  charge  carriers  in  inversion 
layers.  These  were  (i)  Coulomb  scattering,  (ii)  Electron  - 
phonon  scattering  and  (iii)  Surface  roughness  scattering. 

In  this  analysis,  the  following  notation  is  used:  T  is  the 
absolute  temperature,  Qn  is  the  mobile  channel  charge  per 
unit  surface  area,  Qb  is  the  bulk  charge  per  unit  surface 
area,  a  and  b  are  constants,  and  e,  is  the  permittivity  of 
silicon. 

For  simplicity,  a  constant  value,  jio,  is  used  for  the  Coulomb 
scattering.  For  electron  -  phonon  scattering,  the  prediction 
from  theory  (see  |2]  and  references  therein)  is  : 

M ,P  »  oT-^Qn/ 3  +  Qb)~  S  (2) 

Surface  roughness  scattering,  according  to  theory  (see 
references  in  [2)),  obeys  the  following  relation  : 

^.T  =  b{QNl2  +  QB)-i  (3) 

As  has  been  previously  stated,  the  mobility  is  presented 
as  a  function  of  the  effective  normal  electric  field  E.//  ex¬ 
perienced  by  the  carriers  in  the  inversion  layer.  The  depen¬ 
dence  of  B,/f  on  surface  chatge  can  be  estimated  by  the  use 
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of  Gauss’s  Law  in  one  dimension,  giving 

E.,f=ffi+QB)  (4) 

With  equation  4  in  mind,  the  carrier-phonon  and  sur¬ 
face  roughness  mobilities  can  be  approximately  expressed 
respectively  as: 

= war  (5) 

(6) 

where  and  are  constants  with  respect  to  £,//. 

Matthiesen’s  rule  was  used  to  combine  the  three  mobili¬ 
ties.  i.e. 

1  1  1  1 

- —  H - +  —  (7) 

P  PO  Ptp  P» 

This  gave  the  net  mobility  which  can  be  expressed  as  follows: 
/*o 

M  =  1  +  eiEi./f  +  etE?ff  (8) 

where  po,  ©r  and  ©i  are  three  fitting  parameters,  since 
and  kj  cannot  be  derived  theoretically.  These  can  be  deter¬ 
mined  from  a  fit  of  equation  8  to  experimental  data.  Note 
that  ©i  =  fto/ki  and  ©j  =  po/fc]. 

EXPERIMENTAL  PROCEDURE 

Measurements  in  this  experiment  were  carried  out  on 
large  (20  |im  x  20  pm)  MOS  transistors  with  n-type  polysil¬ 
icon  gates,  and  large  (200  pm  x  200  pm)  MOS  capacitors. 
The  substrate  material  was  20  0-cm  p-type  100  silicon  for 
NMOS  and  12  fl-cm  n-type  100  silicon  for  PMOS.  For  the 
NMOS  case,  the  gate  oxide  thicknesses  in  the  range  between 
20nm  and  SOnm  (series  A)  were  grown  in  dry  oxygen  at 
950°C  while  those  with  lOnm  (series  B)  were  grown  at  900°C 
in  a  diluted  oxygen/nitrogen  mixture  (10%  oxygen  by  vol¬ 
ume).  For  the  PMOS  case,  all  the  gate  oxides  were  of  lOnm 
thickness  and  were  grown  as  for  the  series  B  NMOS  samples. 

All  samples  were  given  a  poet-metallisation  anneal  in 
forming  gas  at  450”C  for  30  minutes.  A  summary  of  the 
samples  used  can  be  seen  in  the  table  which  includes  data  to 
be  explained  later.  Jfw/  is  the  surface  dope  concentration 
in  the  channel  region  determined  from  using  the  simulation 
program  SUPREM3. 

The  method  used  to  experimentally  extract  the  mobility 


Type 

Nnrf 

(*"»“*) 

t0g 

(nm) 

P0 

(em’r'r1) 

ki 

V$~l 

NMOS  A 

S  x  10«~ 

20 

1659 

5.99  x  10°" 

NMOS  A 

5  x  10“ 

30 

1478 

6.80  x  10u 

NMOS  A 

5  x  101* 

40 

1492 

7.15  x  10u 

NMOS  A 

5  x  10“ 

50 

1467 

9.01  x  10“ 

NMOS  B 

1  x  10” 

10 

1227 

5.51  x  10“ 

NMOS  B 

2  x  10” 

10 

998 

7.40  x  10“ 

NMOS  B 

3.5  x  10” 

10 

1137 

5.93  x  10“ 

PMOS 

1  x  ioir 

10 

451 

2.01  x  io“ 

PMOS 

2  x  10” 

10 

457 

2.29  x  10“ 

PMOS 

1  x  10” 

10 

296 

2.12  x  10“ 

can  be  found  in  the  paper  by  Sodini  et.al  [4). 

Measurements  were  carried  out  using  an  HP  4140B  pA 
meter/dc  voltage  source  with  the  samples  housed  in  a  light¬ 
tight,  electrically-shielded  cabinet. 

RESULTS 

Fig.l  shows  the  results  of  measurements  carried  out  on 
the  series  A  NMOS  samples.  For  comparison,  the  ”  univer¬ 
sal”  curve  (equation  1)  has  also  been  drawn  in.  As  can 
be  seen,  this  empirical  relation  fits  the  data  well  for  effec¬ 
tive  fields  below  6  x  10SV  cm-1  but  cannot  follow  the  mobil¬ 
ity  degradation  at  higher  fields.  Fig. 2  shows  measurements 
made  on  the  series  B  NMOS  samples.  As  before,  equation 
1  has  been  drawn  in  and  is  seen  to  fit  the  data  for  effective 
fields  below  6  x  10s Vcm-1  but  again  does  not  reflect  the 
mobility  degradation  at  higher  fields. 

Fig.3  shows  fits  of  equation  8  to  data  from  two  NMOS 
samples  with  different  oxide  thicknesses  and  surface  doping 
densities.  In  this  case,  it  can  be  seen  that  the  new  physically- 
based  model  fits  the  measured  data  over  a  much  wider  range 
than  does  equation  1.  That  is,  the  mobility  degradation  at 
high  fields  is  incorporated  into  the  new  relation.  It  was 
found  that  relative  deviations  between  the  fit  and  the  data 
were  smaller  than  2  percent  i.e.  within  the  measurement 
accuracy.  Note  that  the  fits  in  Fig.3  differ  slightly  even  for 
fields  below  6  x  10s V /cm.  This  may  be  due  to  the  second 
sample  having  a  much  larger  surface  doping  density  and  thus 
a  smaller  mobility  in  this  region  due  to  Coulomb  scattering. 

The  weak  dependence  of  the  mobility  on  E ,//  observed 
for  E,f/<  6  x  10* V  cm-1  indicates  that  phonon  scattering  is 
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Fig.l  :  The  measured  mobility  with  gate  oxides  in  the 
range  20  nm  -  SO  nm  (series  NMOS  A).  The  solid  line  is  the 
universal  curve.  Ee  =  2.6  x  104V/cm,  Umax  =  927 cm,/Vs, 
Ci  =  0.22 

(O  :  20nm,  Q  :  30nm,  +  :  40nm,  A  :  50nm) 


Fig. 2  :  The  measured  mobility  with  gate  oxides  of  10  nm 
(series  NMOS  B).  The  solid  line  is  the  universal  curve  with 
Ee  =  2.6  x  10 *V /cm, Umax  =  lOlOem’/V »,Ci  =  0.31 
The  surface  dope  concentrations  are  as  follows: 

O  :  10‘5cm-J,  A  :  2  x  10lTcm~3,  +  :4.5x  10‘rcm-’ 


dominant  in  that  region.  It  can  be  said  that  the  magnitude 
of  the  scattering  in  this  phonon-dominated  region  depends 
only  on  the  charge  distribution  in  the  inversion  layer  and 

not  on  the  details  of  the  oxide  growth. 

The  stronger  decrease  in  the  mobility  for  E «//  >  6  x 

108V  /cm  indicates  that  surface  roughness  scattering  becomes 
more  influential  in  this  region.  In  this  region  of  £?,//,  the 
details  of  the  oxidation  process  used  to  grow  the  gate  may 


Fig.3  :  Fits  of  new  mobility  model  to  measured  NMOS 
data.  The  solid  lines  are  the  fits  and  the  symbols,  the  data. 

(□  :  =  50nm,n,ur/  =  5  x  1016cm~3;O  :  ter  = 

lOnm,  n,ur/  =  2  x  1017cm-3) 

influence  the  mobility.  In  the  measurements  carried  out  for 
this  paper,  there  was  a  systematic  decrease  in  mobility  with 
decreasing  oxide  thickness.  This  could  be  tentatively  ex¬ 
plained  by  assuming  that  the  thinner  gate  oxides  have  more 
surface  roughness. 

An  interesting  point  to  note  is  that  equation  8  could 
be  fitted  to  the  results  from  different  samples  by  taking  a 
constant  value  of  6]  i.e.  a  constant  value  for  kj  for  all 
the  samples.  The  value  for  fcj  for  the  NMOS  samples  was 
different  to  that  for  the  PMOS  samples.  If  fcj  was  fixed  at 
6.5  x  104cm5/sV,-l',3s~1  for  the  NMOS  samples  and  1.3  x 
104cm8/3V~*''*_1  for  the  PMOS  samples,  then  the  values 
for  po  and  kt  needed  tor  reasonable  fits  over  the  measured 
E,/f  range  can  be  found  in  the  table.  Fig.4  shows  a  fit  of 
equation  8  to  PMOS  data  from  the  last  sample  in  the  table 
with  the  values  for  the  parameters  given.  This  suggests  that 
carrier  -  phonon  scattering  gives  rise  to  the  "universal  curve" 
type  of  expression  as  in  equation  1  and  is  independent  of  the 
device  except  for  it  being  N  or  P  type.  Fig. 5  shows  plots  of 
equation  8  for  a  typical  NMOS  and  a  typical  PMOS  with 
values  for  the  parameters  given  in  the  caption 

CONCLUSIONS 

In  summa  y,  it  can  be  seen  that  a  fairly  simple  physically- 
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Fig. 4  :  Fit  of  new  mobility  model  to  measured  PMOS 
data  from  last  sample  in  table. 


Fig. 5  :  Plots  of  equation  8  for  typical  NMOS  and  PMOS. 
NMOS  :  po=1480,  fc1=6.5  x  1014,  fcj=6.5  x  104. 

PMOS  :  po=*50,  fci=2.1  x  1014,  k,=1.3  x  104. 

The  following  units  are  used:  po  in  cm* /Vs,  fci  in  V/t 
and  fc,  in  cm‘/s/V*/*s 


baaed  mobility  model,  comprising  three  scattering  mecha¬ 
nisms,  can  be  used  to  deecribe  electron  and  hole  mobil¬ 
ity  data  over  a  wide  range  of  oxide  thicknesses  and  sur¬ 
face  doping  densities.  Furthermore,  at  effective  fields  below 
6  x  lO*V/em,  Coulomb  and  electron-phonon  scattering  are 
the  dominant  mechanisms  while,  at  higher  fields,  electron- 
phonon  and  surface  roughness  scattering  prevail.  A  simple 
model  obtained  from  theoretical  expressions  for  these  mech¬ 
anisms  has  been  shown  to  be  very  accurate  for  a  wide  variety 
of  samples. 
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The  influence  of  plasma  hydrogenation  on  the  leakage  current  of  n-channel  poly-Si  TFT a 
has  been  examined •  With  low  temperature  processed  devices,  the  major  effect  has  been 
the  suppression  of  gate  controlled  hole  currents  as  a  result  of  the  Increase  in 
carrier  generation  lifetime.  This  has  also  resulted  in  a  complementary  Increase  in 
optical  sensitivity. 


1.  INTRODUCTION 

There  is  presently  considerable  interest  in 
the  performance  of  IGFETs  fabricated  from 
poly-crystalline  silicon  both  for  3-D 
Integrated  circuit  applications  [1]  and  for 
addressing  elements  in  liquid  crystal  displays 
[2].  The  technologies  investigated  for  these 
applications  have  differed  principally  in  the 
technique  used  for  the  gate  dielectric.  In  the 
former  case  it  is  usually  grown  by  conventional 
thermal  oxidation  whereas  for  the  latter 
application  both  high  temperature  growth  and 
low  temperature  deposition  have  been 
investigated.  One  common  feature  in  most  of 
this  work  has  been  the  use  of  plasma 
hydrogenation  to  passivate  grain  boundary 
trapping  states  and  thereby  improve  the 
transistors  on-characterlstlcs.  In  the  work 
presented  below,  whilst  illustrating  the 
Improvement  in  the  on-characterlstlc  of  low 
temperature  processed  TFTs,  we  will  be 
concentrating  upon  the  effect  of  the 
hydrogenation  on  the  off-characteristic  or 
device  leakage  current. 

2.  SAMPLE  FABRICATION 

The  devices  used  in  this  work  were  auto- 
registered  n-channel  poly-Si  TFTs  fabricated 
with  a  low  temperature  technology  (<620*C)  and 
thus  employing  a  deposited  gate  dielectric. 


The  thickness  of  the  poly-Si  layer  used  in  the 
transistor  body  was  0.2um  and  the  source  and 
drain  regions  were  doped  by  phosphorus  ion 
implantation.  The  gate  dielectric  thickness 
was  0.15um  and  the  TFT  channel  width  was  50pm 
with  10pm  channel  length. 

3.  RESULTS 

The  poly-Si  grain  diameter  was  --700A  and 
given  that  the  poly-Si  was  undoped  it  is  fully 
depleted  In  the  absence  of  any  externally 
applied  potential,  with  an  intergrain  potential 
barrier  of  <<kT.  The  conventional  model  of 
grain  boundary  traps  assumes  a  neutral  level 
near  mid-gap  which  would  make  the  material 
intrinsic.  In  confirmation  of  this,  the 
activation  energy  of  the  leakage  current 
minimum  has  been  measured  to  be  0.66eV,  which 
is  just  greater  than  half  the  band  gap  enthalpy 
of  1.2eV  within  the  measurement  temperature 
range • 

Typical  TFT  characteristics  before  and  after 
plasma  hydrogenation  are  shown  in  figure  1. 

Two  distinct  changes  can  be  seen  to  have 
occurred: 

1)  as  is  commonly  found,  the  TFT  on- 

characteristic  showed  a  considerable 
improvement  in  both  the  sub-threshold 
slope  (1.65V/dec)  and  threshold  voltage 
(3.2V), 

li)  the  gate  voltage  dependence  of  tbs 
off-current  was  markedly  reduced. 
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the  strong  variation  of  drain  current  with 
negative  gate  bias  in  the  non-hydrogenated 
saaple  can  be  best  understood  by  reference  to 
the  Iq~vD  characteristic  In  this  regime • 

This  Is  shown  In  figure  2  and  a  linear 
variation  of  1q  Is  seen  over  a  range  of  Vq 
until  a  superlinear  regime  occurs,  the  onset  of 
which  occurs  at  lower  values  of  Vq  as  Vq 
increases-  This  more  rapid  rise  of  drain 
current  with  drain  bias  occurs  only  with 
negative  gate  bias  and  previous  examination  of 
this  effect  [3]  has  ascribed  it  to  field 
enhanced  generation  at  the  induced  p-n  junction 
at  the  drain.  Negative  gate  bias  will  produce 
a  hole  rich  region  at  the  surface  of  the  TFT 
and  the  linear  1d~Vq  characteristic 
suggests  an  ohmic  hole  current  between  source 
and  drain.  This  Is,  at  first  sight,  surprising 
since  the  device  is  contacted  by  non-injecting 
n+  regions;  however.  If  the  lifetime  within  the 
material  Is  sufficiently  low,  then  the  hole 
generation  rate  can  be  sufficiently  large  to 
sustain  an  ohmic  hole  current  In  high 
resistivity  material.  A  hole  current  with 
negative  gate  bias  has  further  been-  confirmed 
by  observing  the  change  of  sign  In  the  Hall 
coefficient  In  a  Hall  TFT  as  the  gate  was  swept 
from  positive  to  negative  bias.  The  condition 
for  supporting  an  ohmic  hole  current  in  the 
device.  Is  that  the  drift  current  can  be 
maintained  by  a  generation  current.  Taking 
initially  the  case  when  the  material  Is 
Intrinsic  (assumed  to  be  at  the  minimum 
conductivity  point)  then  the  hole  drift  current 

VD 

Jdh  “  <iu  PI  -j7  <*) 

(assuming  un  a  yp  -  ») 

and  the  generation  current  la 
pi 

Jg  »  q  —  &x  (2) 

(Ax  Is  width  of  generating 

region  and  T  is  the 

the  generation  lifetime) 


-30  -20  -10  0  10  20  30  40  50 


VG  (V) 


FIGURE  1 

TFT  transfer  characteristics  before  and  after 
plasma  hydrogenation,  (-hydrogenated, 

— unhydrogenated). 


VD  (V) 


FIGURE  2 

Iq-Vd  characteristics  of  the  TFT  in  the 
off-state  for  a  non-hydrogenated  device. 
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and  the  maximum  generation  current  trill  be  when 
Ax  •  L.  Therefore  the  condition  for  the 
current  to  be  drift  current  United  and  not 
generation  rate  United  (aa  in  a  no  real  p-n 
junction)  ia  that 


qu  P£ 


(3) 


i.e. 


(4) 


or  t  <  ttr  where  ttr  ia  the  carrier  tranait 
tine. 

An  upper  Unit  to  the  lifetlne  can  be 
estinated  by  aa sunlng  that  the  ninlnun  current 
in  the  Iq-Vq  curve  occura  when  the  layer  ia 
lntrlnalc  up  to  the  surface.  In  that  case,  if 
we  assune  that  the  free  carrier  density  Is 
nj+pj  and  that  p„  ~  yp,  then  fron  equation  (1) 
a  value  of  32  cm2/Vs  is  obtained  for  the 
effective  nobility  of  the  intrinsic  carriers. 
Substituting  this  into  equation  (4)  with  VD 
of  10V  gives  T  <  3ns. 

The  argument  can  be  extended  fron  the 
intrinsic  case  to  one  in  which  a  hole  inversion 
layer  is  formed  at  the  surface  and  equation  (4) 
changes  to 


< 


!iiil 

p  v\ 


(5) 


where  p  is  the  nean  hole  concentration  in  the 
inversion  layer.  Equation  (5)  ia  sore 
demanding  upon  lifetlne  than  equation  (4)  and 
it  la  clear  that  there  aust  ultimately  be  a 
value  of  p  for  which  the  inequality  is  no 
longer  satisfied  and  the  current  becomes 
generation  rate  limited.  Indeed,  in  figure  2 
there  is  a  range  of  Vq  over  which  the  slope 
of  the  Id~Vq  curve  drops  below  unity  for 
VG  -  -20V,  indicating  the  incipient  departure 
from  e  drift  limited  current. 


The  Iq-Vq  curves  after  plasma 
hydrogenation  are  shown  in  figure  3  for 
VG  -  -5V  and  VG  -  -20V.  For  VG  -  -5V,  a 
linear  Iq-Vq  curve  was  found  up  to 
VD«  2V,  but  unambiguous  saturation  of  the 
current  was  seen  thereafter,  until  the 
previously  referenced  breakdown  occurred. 

The  lifetime  estimated  fron  this  curve  is 
~  1.3x10~88.  The  effect  is  even  more  clearly 
seen  with  the  VG  -  -20V  curve  in  which 
current  saturation  at  a  level  equal  to  that  for 
VG  -  -5V  was  found  for  VD  ?"0.5V.  What  has 
happened  is  that  the  generation  lifetime  has 
been  Increased  by  the  plasma  hydrogenation  so 
that  the  breakdown  of  the  inequality  in 
equations  (4)  or  (5)  is  seen  at  reduced  values 
of  Vq;  and  as  p  is  increased  (by  increasing 
VG  to  -20V)  so  the  drain  bias  at  which  the 
hole  current  saturates  at  its  generation  rate 
limit  is  correspondingly  reduced.  In  this 
generation  rate  limited  regime,  the  TFT  off- 


FIGURE  3 

I d~Vd  characteristics  of  the  TFT  in  the 
off-state  after  plasma  hydrogenation. 

current  will  be  determined  by  the  generation 
lifetime,  and  Increasing  this  value  will  reduce 
the  leakage  current.  Interestingly,  for  the 
sample  shown  here,  there  is  actually  a  slight 
-ucraase  in  the  minimum  current  and  this  is 
probably  due  to  an  Increase  in  carrier  mobility 
due  to  a  reduction  in  grain  boundary 
scattering.  However,  other  differently 
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prepared  devices  shoving  a  greeter  change  In 
lifetime  have  correspondingly  displayed  a 
reduction  In  minimum  conductivity • 

One  consequence  of  an  Increase  In  llfetlae 
within  the  material  is  an  expected  increase  In 
the  optical  sensitivity  of  the  device  and  this 
is  shown  In  figure  4.  This  Is  a  plot  of  the 
photocurrent  as  a  function  of  white  light 
Illumination  intensity  for  oevlces  with  and 
without  plasma  hydrogenation.  The  photo¬ 
currents  are  3-4  times  higher  In  the  former 
device  Indicating  a  lifetime  Increase  of 
comparable  magnitude. 


FIGURE  4 

Comparison  of  TFT  photocurrent  in  the  off- 
state  with  illumination  Intensity  for  hydro¬ 
genated  and  non-hydrogenated  devices. 


4.  CONCLUSION 

Plasma  hydrogenation  has  been  shown  to 
increase  the  generation  and  recombination 
lifetimes  of  carriers  in  low  temperature 
processed  poly-Sl  TFTs.  In  non-hydrogenated 
TFTs  the  generation  lifetime  was  sufficiently 
low  to  lead  to  ohmic  hole  current  flow  between 
uon-lnjectlng  contacts  In  n-channel  devices. 

The  effect  of  the  plasaa  in  lncrecsing  the 
lifetime  was  to  cause  the  leakage  current  to 
become  generation  rate  limited  and  thereby 
reduce  the  Influence  of  the  gate  potential  on 
the  hole  leakage  current.  The  Increase  in 
carrier  lifetime  was  further  confirmed  by  the 
concomitant  Increase  In  the  optical  sensitivity 
of  the  leakage  current. 
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FOR  VERT  LOW  NOISE  APPLICATIONS 


D,  btuch,  H.  Skapa,  H.  Vogt  and  6.  Zimmer 


Fraunhofar-Instituta  for  Kicroelectronic  Circuits  and  Systems 
D-4100  Duisburg,  FRG 


CMOS  compatible  Junction-Field-Effect-Transistors  (JFETs)  for  very  low 
noise  applications  vith  different  transistor  layouts  have  been  developed 
and  tested.  The  1/f-corner  frequency  is  below  1  kHz.  An  equivalent 
noise  voltage  density  of  1  nV/yHz  at  100  kHz  was  achieved.  The  transistors 
were  applied  as  discrete  eleaents  in  the  inputstage  of  a  tr ana impedance 
amplifier  for  pluabicon  tubes.  A  total  signal  to  noise  ratio  of  55  dB  has 
been  measured. 


1.  INTRODUCTION 

During  the  last  decade  VLSI  circuits  have 
gained  a  stage  of  development  towards  high 
reliability,  high  density,  low  power 
consumption  and  high  processing  speed.  However 
some  applications  in  the  field  of  analog  signal 
processing  additionally  require  very  low  1/f 
noise,  which  can  hardly  be  achieved  by  single 
HOS  transistors.  Since  low  noise 
specifications  can  be  performed  much  easier  by 
JFETs  than  by  KOSFETs  [2],  it  is  reasonable 
just  to  replace  the  KOSFETs  by  JFETs  in  VLSI 
applications  where  low  1/f  noise  is  important. 
In  the  following  sections  development,  testing 
and  application  of  CKOS  compatible  JFETs  vith 
low  noise  characteristics  are  presented. 

2.  DEVELOPMENT  OF  CKOS  COMPATIBLE  JFETS 

2.1.  Technology 

Figure  1  represents  a  cross-section  of  a 
JFET,  N-vell  formation,  active  area  processing 
and  gate  oxide  deposition  are  due  to  our 
standard  CMOS  process  [1] .  P-channel 
implantation  vith  boron  requires  one  additional 
photomask.  The  implantation  energy  (150  KeV) 
and  dose  (Boron  l,101Jcm-2-5,1012cm-2)  control 


(ott  Sm,c*  Bolt  Oroin 


Gelt  s#u,{*  Colt  Drain 


Figure  1  Cross-section  of  a  JFET  vith  two 
different  process  sequences. 

a. )  using  PtSi/TiN  as  ohmic  contact  to 

the  metal  layer 

b. )  using  phosphorous  doped  poly¬ 

silicon  as  ohmic  contact  to  the 
natal  layer 
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tha  threshold  voltage  Op,  maximum  drain  currant 
xDKax  ^  Madam  tranaconductanca  ?axaz’ 
Topgata  and  source -drain  regions  ara  pattamad 
by  two  different  vaya  in  Fig.  la.  and  Fig.  lb. 
[2,  3].  In  figure  la.  tha  topgata  area  ia 
defined  by  one  additional  photomask  and  opened 
via  gate  oxide  etching.  Afterwards  polyailicon 
ia  dapoaited  and  doped  with  phoaphorua.  Tha  a* 
junction  of  the  topgata  ia  forned  by 
outdiffuaion  of  phoaphorua  through  the  topgata 
area  into  tha  p-channal.  Tha  polyailicon  ia 
patterned  by  a  photomask  which  ia  alao  required 
for  the  MDS-transistors.  The  aourca -drain 
regiona  of  the  JFETs  and  of  the 
PMOS-transistors  are  doped  ainultaneoualy.  In 
Fig.  lb.  topgata  and  source -drain  regiona  are 
patterned  by  fornation  of  polyailicon  apacera. 
The  topgata  area  of  the  JFETa  and  the 
source-drain  regiona  of  tha  MHOS-transistors 
are  simultaneously  doped.  In  order  to  reduce 
parasitic  capacitances  between  the  topgata  and 
the  channel  regions,  tha  polyspacers  are 
removed  after  the  implantations,  since  the 
junction  depth  of  the  source  drain  regiona  is 
rather  flat  (0,3  4)  particular  attention  has 
been  paid  to  the  metallization  level,  in  order 
to  avoid  aluminium  spiking  and  to  get  a  low 
contact  resistance  between  tha  junctions  and 
the  metallization  a  triple  metal  layer 
Ptsi/TiX/Al  has  been  used.  Details  of  the 
metallization  layer  are  reported  in  [5]. 

2.2.  JFET  layouts 

Figure  2  represents  two  JFET  layouts  which 
have  been  realized.  Both  layouts  are  composed 
of  several  aubtransistota  which  are  connected 
parallel  in  the  metallization  layer.  While  the 
source-drain  regions  are  arranged  like  squares 
on  a  chessboard  in  Fig.  2a  they  have  been 
designed  aa  parallel  stripes  in  Fig.  2b. 
Although  the  overall  W/L  ratio  is  about 
2000/1.5  in  both  transistor  layouts,  the  active 
area  of  the  chessboard  type  JFET  is  reduced  by 
30  %  with  respect  to  the  active  area  of  tha 


stripe  type  JFET  layout.  Therefore  parasitic 
capacitances  resulting  from  backgate  junctions 
are  also  reduced  by  tha  same  amount. 


n+-topgate  and  backgate-contact 


n+-topgate  and  backgate-contact 


p-channel 


Figure  2  Characteristic  JFET  layouts 

a. )  Chess  board-type  JFET 

b. )  Stripe-type  JFET 
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3.  RESULTS 

Figure  3  displays  ths  output- 
characteristics  of  a  stripe  type  JTET.  Fig.  3a 
shorn  that  a  Maxima  drain  current  of  33  aA  is 
reached  at  aero  gate-source  bias.  The 
transconductance  aaounts  32  aA/V  at  this  point. 
As  can  be  seen  froa  Fig.  3b.  the  channel  is 
pinched  off  at  2.8  V.  The  output 
characteristics  of  the  chessboard  type  JFETs  is 
very  similar. 


I|  ImA] 


b. 


Figure  3  Output-characteristics  of  a  stripe- 
type  JTET. 

a. )  Drain-source  current  versus  drain- 

source  voltage 

b. )  Transconductance  { — )  and  drain 

current  (-  -  -)  versus  gate-source 
voltage. 


Measurements  of  the  equivalent  noise  voltage 
density  have  been  performed  using  a  HP  3583A 
spectrum  analyser  with  a  low  noise  cascode 
preamplifier  (Fig.  4).  For  the  JTET  under 
teet  the  operational  point  was  fixed  to 
ID-10aAj  ga-liaA/V  and  VM— 7V.  The  noise 
aeasureaents  have  been  corrected  for  the  noise 
of  the  aeasureaent  equipment.  The  corrections 
vers  in  the  order  of  10  %.  Fig.  5  represents 
the  spectral  noise  voltage  density  of  a  stripe 
type  JFET.  The  1/f -corner-frequency  is  below  1 
kHs  in  Fig.  S.  The  thermal  noise  of  the  stripe 
type  JFET  is  typically  1  nV/JHz  at  100  kHs. 


spectrum  analyzer 


Figure  4  Setup  of  the  noise-aeasureaent- 
equipmant  with  parasitic 
noise-sources. 


Figure  5  Moles  behaviour  of  a  stripe-type 
JFET 
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This  value  agrees  rather  veil  with  calculations 
free  [51: 

dV  ^  /8~ra 

df  "/J  gm 

The  thereal  noise  of  the  chessboard  type  JTE?  is 
about  a  factor  of  1.4  higher.  This  behaviour  nay 
be  referred  to  the  transistor  layout  in  Fig.  2, 
where  the  topgate  diffusion  areas  of  the 
subtransistors  are  organised  in  a  network.  Each 
diffusion  area  is  an  ohmic  resistance  producing 
thermal  noise  according  to  the  Nyquist  fornula 

dV 

df 

and  transmits  it  to  neighboured  subtransistors. 
In  principle  the  saae  situtation  holds  for  the 
stripe  type  JFET.  But  there  the  noise 
contribution  from  one  subtransistor  is  only 
transmitted  via  a  linear  line.  The  overall 
effect  is  that  in  the  case  of  the  chessboard 
type  JFETs  noise  in  much  more  correlated  and 
therefore  increased  than  in  the  case  of  the 
chessboard  type  JFET. 

The  stripe  type  JFETs  were  applied  as  discrete 
elements  in  the  input-stage  of  a  transinpedance 
amplifier  for  plumbicon  tubes  (Fig.  6).  The 
overall  signal  to  noise  ratio  in  this 
application  is  55  dB.  This  value  is  limited  by 
the  gate-source  capacitance  which  is  about  10 
pF.  In  order  to  reach  a  signal  to  noise  ratio  of 
60  dB,  this  capacitance  has  to  be  reduced  by  at 
least  a  factor  of  two.  This  can  be  done  by 
lowering  the  doping  concentration  in  the  channel 
region. 


Figure  6  Application  of  a  JFET  with  low 
noise  characteristics  in  a 
preamplifier  for  plumbicon  tubes. 
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4.  CONCLUSIONS 

Development  of  p-channel  JFETs  was  presented. 
Different  transistor-layouts  have  been  realised 
and  testet.  JFETs  with  a  stripe  type  structure 
provide  the  best  results  with  respect  to  noise 
characteristics.  Even  better  results  are 
expected  from  n -channel  JFETs. 
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STATISTICAL  MEASUREMENTS  OF  PMOS  SUBTHRESHOLD  CURRENT 
FOR  1.3  TO  0.5  MICRON  CHANNEL  LENGTHS 


T.  Tamilian  d'Ou villa,  R.  Basset,  D.T.  Amm,  S.  Ravezzani, 
P.  Daipacti,  0.  Mol,  M.  Pad!,  8.  Minghetti  and  H.  Ulngam 
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The  threshold  voltage  and  aubthreahold  currant  of  micron  and  submicron  PMOS  devices 
have  been  investigated  for  both  a  classical  n  -  well  and  a  retrograde  n  -  well  process. 
The  two  processes  show  similar  threshold  voltage  characteristics  down  to  0.5  micron 
but  the  subthreshoid  current  Is  much  Improved  for  the  retrograde  process. 

1.  introduction:  2.  PMOS  Process  and  Devices: 


It  is  well  known  that  in  N  +  polysilicon  gate 
technology,  both  N-  channel  and  P- channel  FET’s 
require  P-type  implants  in  order  to  produce  the 
proper  threshold  voltages  for  VLSI  applications. 
Although  PMOS  devices  are  less  sensitive  to  breakdown 
and  hot  carrier  effects  than  the  NMOS  devices,  the 
buried  channel  PMOS  devices  are  particularly  affected 
by  threshold  voltage  lowering  and  increased 
subthreshold  current  [1]. 

Various  methods  have  been  proposed  to 
prevent  this  degradation  in  PMOS  performance  such  as 
double  implantation  to  create  weakly  retrograde  wells 
[2],  implantation  of  punchthrough  stops  [1],  or  the 
use  of  strongly  retrograde  n- wells  [3].  All  these 
methods  have  the  same  basis,  that  Is  to  Introduce 
more  charges  Into  the  device  to  slow  the  expansion  of 
the  drain  depletion  region  into  the  channel  region. 

This  paper  presents  the  threshold  voltage  and 
subthreshold  current  characteristics  for  a 
'classical*  n-well  PMOS  process  and  compares  the 
results  with  those  of  a  retrograde  n-well  process. 


The  'classical*  n-well  process  has  the  maximum 
n-weli  concentration  at  the  surface  and  decreases 
monotonicaily  into  the  bulk  silicon.  A  typical 
phosphorus  Implantation  was  3.3xl012 
atoms/cm2  at  180  keV  with  an  anneal  temperature  of 
1200°C.  The  retrograde  n-well  process  used  a  high 
implantation  energy  of  900  keV  (P2+  at  450  keV),  a 
dose'  of  5x1012  or  7x1012  atoms/cm2  with  a  tower 
anneal  temperature  (1000  to  1050°C).  This  yields  the 
peak  of  the  concentration  profile  .1  a  depth  of  about 
1  micron.  Typical  dopant  prc"'-*e  are  given  in 
Figures  1  and  2  for  the  source/drain  regions,  the 
boron  channel  implant  for  threshold  adjustment  and 
the  n-well  concentrations. 

All  the  measurements  reported  here  were  made  on 
devices  of  designed  gate  lengths  of  1.0  to  1.5 
microns  and  widths  fixed  at  50  microns.  During 
processing,  either  polysilicon  or  silicon  dioxide 
spacers  were  used  to  lessen  the  lateral  straggling 
during  implantation  and  diffusion  of  the  source/drain 
implants  into  the  channel  region.  The  effective  gate 
length  could  be  varied  by  overetch  of  the  polysilicon 
gate,  or  variation  of  the  spacers  and  the 
8ourca/draln  diffusion.  The  electrical  lengths  of 
the  PMOS  devices  were  0.3  to  0.6  micron  less  than 
the  designed  length  on  average. 
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3.  Route  and  Discussion: 


•* - 1 - 1 - 1 - 1 - 1 - 1 - r 

o  1  2  3 

Depth  (microns) 


Figure  1 

Classical  n  -  well  process.  Concentration  profiles  for 
boron  doped  drain/source  region  and  threshold  voltage 
implant,  and  phosphorus  doped  n-weil  as  calculated  by 
TITAN  process  simulator. 


Figure  2 

Retrograde  n- well  process.  Concentration  profiles 
tor  boron  doped  drain/source  region  and  threshold 
voltage  implant,  and  phosphorus  doped  n-well  as 
calculated  by  TITAN  process  simulator.  (torn-weH 
implant  of  7x1012  and  Vt  adjust  Implant  of  7X1011 
atoms/cm2). 


The  threshold  voltage  was  measured  tor  the 
classical  n-well  PMOS  devices  and  the  results  tor 
more  than  300  devices  are  presented  in  Figure  3  as  a 
function  of  the  electrical  length.  This  figure  shows 
the  welt-  known  threshold  voltage  degradation  -  as  the 
electrical  length  is  decreased,  the  device  becomes 
more  difficult  to  turn  off.  It  can  be  seen  from 
Figure  3  that  the  threshold  voltage  Is  only  a  weak 
function  of  the  length  above  0.5  micron.  It  is  thus 
reasonable  to  assume  that  this  process  could  produce 
a  controllable  threshold  voltage  for  an  electrical 
length  of  0.5  micron. 

The  threshold  voltage  results  tor  the  retrograde 
n-well  PMOS  devices  are  shown  in  Figure  4. 
Basically,  the  retrograde  n-well  gives  the  same 
results  as  classical  n-well  down  to  0.5  micron.  The 
retrograde  n-well  has  not  yet  been  studied  below  0.5 
micron  and  it  Is  not  dear  whether  the  two  processes 
would  have  the  same  threshold  voltage  behaviour. 
Comparing  the  variation  of  threshold  voltage.  It  is 
obvious  that  the  retrograde  n-well  yields  a  larger 
spread  in  the  data.  This  is  probably  due  to  the  fact 
that  the  surface  doping  concentration  for  the 
retrograde  n-well  is  more  sensitive  to  process 
variation  due  to  the  large  concentration  gradient 
near  the  surface. 


. . T  r-  . |  ■ . . .  -f 

0  12  3 


Electrical  Length  (microns) 
Figure  3 

PMOS  threshold  voltage  as  a  function  of  electrical 
length  for  the  classical  n-well  process. 


Retrograde 


^  |P'  |P- 
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Electrical  Length  (microna) 

Figure  4 

PMOS  threshold  voltage  as  a  function  of  electrical 
length  for  the  retrograde  n  -  well  process,  (for  the 
profile  concentrations  given  in  Figure  1). 

The  subthreshold  current  was  measured  with  0 
volts  on  the  gate  and  a  source/drain  voltage  of  - 10 
volts.  Since  the  PMOS  devices  normally  performed 
well,  such  a  large  drain/source  voltage  was  needed  in 
order  to  create  currents  larger  than  the  automatic 
test  equipment  lower  limit  of  1x10 A.  The 
current  characteristics  for  the  classical  and 
retrograde  n- wells  are  given  in  Figures  5  and  6 
respectively. 


The  curve  in  Figure  S  can  be  characterized  by 
three  regions.  For  lengths  greater  than  1.1  micron, 
the  current  is  limited  by  the  measurement  system. 
From  0.8  to  1.1  micron,  the  current  varies 
exponentially  with  electrical  length.  For  lengths 
less  than  0.8  micron  the  current  appears  to 
saturate. 

The  subthreshold  current  has  also  been  simulated 
with  the  TITAN/JUPIN  2D  simulator  (4,5].  The 
simulation  results  are  shown  as  the  solid  line  In 
Figure  5.  These  simulations  have  shown  that,  as 
expected,  the  subthreshold  current  path  is  about  0.2 
micron  into  the  bulk  silicon.  Also,  the  simulations 
and  experience  indicate  that  the  exponential 
dependence  of  current  on  length  is  the  standard  drain 
induced  barrier  lowering  (DIBL).  The  region  of 
current  saturation  is  in  fact  a  resistive  region  were 
the  barrier  has  been  completely  destroyed  by  the 
drain  voltage. 


Choosing  an  arbitrary  minimum  acceptable  current 
of  1x10“®  A  (20  pA  per  micron  width)  limits 
device  lengths  to  about  1  micron  for  the  classical 
well.  Although  the  effects  of  threshold  voltage  and 
subthreehold  current  are  not  completely  separable,  It 
appears  that  subthreshold  current  is  a  greater 
problem  that  the  threshold  voltage  which  could  be 
controlled  to  about  0.5  micron. 


Figure  5 

Subthreehold  current  (Vds-  - 10  volt  and  Vgate-0  volt) 
for  classical  n-well  process.  The  solid  line 
represents  the  results  from  2D  simulator  JUPIN. 


Electrical  Length  (microns) 


Figure  6 

Subthreshold  current  (Vds  -  - 10  volt  and  Vgate-0  volt) 
for  retrograde  n  -  well  process. 
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Table  1. 


Process 

classic 

Does  Boron 
(atoms /cm2) 
5.5X1011 

Dose  Phosphorus 
(atoms/cm2) 
3.3xl012 

Vt  (at  L- 
(votta) 
-0.87 

1u)  Slope 
(decade/micron) 
-21  ±1 

Leiec  at  Ix10~®  Amp. 
(microns) 

1.06  ±0.05 

(poly  spacer) 
classic 

5.5x1 01 1 

3.3x1012 

-0.88 

-18±1 

1.07  ±0.07 

(SiOg  spacer) 
retrograde 

4.0X1011 

5.0x1012 

-0.84 

-  23  ±  2 

0.85  ±0.06 

retrograde 

7.0X1011 

7.0X1012 

-0.87 

-20±2 

0.82  ±0.10 

The  subthreshold  current  measurements  for  the 
retrograde  n  -  well  in  Figure  6  show  only  the  DIBL 
region  and  no  saturation  or  resistive  region.  The 
resistive  region  probably  occurs  for  gate  lengths 
less  than  those  studied  here.  The  DIBL  region  of 
Figures  5  and  6  are  important  in  describing  how  the 
drain  depletion  region  extends  into  the  channel. 
This  region  has  been  described  for  various  processing 
conditions  and  the  results  are  presented  In  Table  1. 
For  both  retrograde  and  classical  n  -  wall  processes, 
the  current  at  Vds-- 10  volts  increases  by  about  2 
decades  per  0.1  micron  decrease  in  gate  length. 
However  there  is  a  significant  shift  in  the 
subthreshold  characteristics.  On  average,  the  use  of 
the  retrograde  n-well  permits  a  decrease  of  0.2 
microns  in  gate  length  to  give  the  same  current. 

The  simulation  results  for  the  two  processes 
showed  that  in  both  cases  the  subthreshold  current  Is 
very  sensitive  to  the  n-well  doping  concentration. 
For  example,  a  10%  decrease  in  the  classical  well 
concentration  would  cause  the  current  to  increase  by 
about  one  decade.  For  the  retrograde  n-well,  it  Is 
not  yet  determined  whether  the  concentration  gradient 
near  the  surface  has  any  effect  on  device  performance 
or  whether  the  Improvements  observed  are  due  entirely 
to  the  increased  doping  concentration.  Although 
retrograde  n- wells  have  be  promoted  mainly  for 
improving  iatchup  immunity  and  reducing  the  extent  of 
the  well  regions  [3],  it  is  seen  In  this  work  that 
the  retrograde  n  -  well  has  a  beneficial  effect  on 
subthreshold  current  characteristics  as  well. 


4.  Conclusions: 


For  the  PMOS  processes  presented  here,  the 
reduction  of  dimensions  is  limited  by  subthreshold 
current  and  not  so  much  by  the  degradation  of 
threshold  voltage.  Retrograde  n-well  devices  offer  a 
gain  of  0.2  microns  in  gate  length  or  for  the  same 
gate  length,  almost  4  orders  of  magnitude  decrease  in 
subthreshold  current  at  high  values  of  drain  voltage. 
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Parameters  of  the  Al-SiQ2-Si(n)  system  with  oxide  thickness  in  the  range 
from  2.5  nm  to  4.5  nm  zare  determined  by  fitting  theoretical  to  expe¬ 
rimental  current-voltage  characteristics.  The  Si-SiO,  barrier  height 
decreases  while  the  electron  effective  mass  in  SiO,  and  the  oxide  effec¬ 
tive  charge  increase  with  decreasing  the  oxide  thickness. 


1.  INTRODUCTION 

There  is  a  great  interest  in  properties  of 
the  metal-ultrathin  Si02-Si  system.  Firstly,  it 
follows  from  the  fact  that  this  system  is  the 
basic  element  of  MOS  type  devices  employing  the 
tunneling  effect  as  MOS  switching  devices, 
solar  cells,  bipolar  transistors  with  tunnel 
emitter.  Secondly,  the  flow  of  too  large  tunnel 
current  between  the  gate  electrode  and  semicon¬ 
ductor  substrate  limits  the  trend  existing  in 
the  MOS/ VLSI  technology  to  decrease  the  gate- 
oxide  thickness.  This  limitation  is  especially 
important  for  application  of  MOS  structures  in 
ORAM  cells  because  the  correct  transistor 
action  was  observed  in  transistor  with  gate 
oxide  of  thickness  even  2.5  nm  [1], 

Because  of  an  existance  of  the  transition 
layer  at  the  oxide-silicon  interface  with  com¬ 
position  and  properties  different  from  the  bulk 
Si02,  parameters  of  the  MOS  system  with  oxide 
layer  several  times  thicker  than  this  transi¬ 
tion  layer  are  expected  to  depend  on  the  total 
oxide  thickness.  Literature  data  concerning  the 
Si-Si02  barrier  height  Xc  generally  confirm  an 
existance  of  such  e  dependence  but  scattering 
of  experimentally  obtained  results  is  large. 
According  to  the  internal  photoemission  measu¬ 
rements  the  barrier  height  in  the  case  of 
ultrathin  oxide  of  thickness  4.3  nm  is  the  same 
as  for  "thick"  oxides  £2].  On  the  other  hand, 


experimental  works  based  on  analysis  of  tunnel 
current  suggest  that  Xc  decreases  with  decrea¬ 
sing  the  oxide  thickness  [e.g.3-5]. 

It  is  the  aim  of  this  work  to  draw  conclu¬ 
sions  on  the  dependence  of  some  physical  para¬ 
meters  of  the  Al-SiD2-Si  system  on  oxide  thic¬ 
kness  from  fitting  the  current-voltage  charac¬ 
teristics  theoretically  determined  to  the  expe¬ 
rimental  ones. 

2.  EXPERIMENTAL 

The  MOS  diodes  were  fabricated  simultaneous¬ 
ly  except  the  ultrathin  oxidation  process. 
Phosphorus-doped  and  (100)  oriented  silicon 
wafers  of  2.7  Cl  cm  resistivity  after  chemical 
cleaning  and  final  etching  in  dilute  HF  were 
steam  oxidized  at  1000  “C  to  form  the  field 
oxide  layer.  Then  the  windows  of  390  /urn  diame¬ 
ter  were  opened  in  the  field  oxide  by  photoli¬ 
thography.  The  wafers  were  oxidized  separately 
(but  together  with  control  wafers)  in  dry  02  at 
800  * C  with  5-min  preheat  and  10-min  final 
annealing  in  argon  ambient.  The  oxidation  time 
was  varied  (in  sequence:  22,15,9,4  and  1  min) 
to  give  various  oxide  thicknesses.  Immediately 
after  oxidation  the  oxide  thickness  was  mea¬ 
sured  ellipsometrically  on  the  control  wafer 
(results:  4.5,  3.9,  3.4,  2.9  and  2.5  nm)  and 

the  wafer  for  further  processing  was  loaded  to 
the  vacuum  system.  After  compliting  the  whole 
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series  of  oxidation  processes  the  A1  film  was 
resistively  evaporated  simultaneously  on  all 
wafers.  Then,  the  A1  electrodes  were  formed  by 
photolithography,  the  oxide  was  removed  from 
the  back  side  of  the  wafers  and  A1  back  con¬ 
tacts  were  evaporated. 

The  I-V  characteristics  of  the  diodes  were 
measured  without  any  electrical  forming.  They 
were  stable  and  reproducible  on  the  wafer  pro¬ 
vided  the  diodes  were  good  from  the  beginning 
of  the  measurement. 


3.  SHORT  CHARACTERIZATION  OF  THE  MODEL 

The  model  used  to  produce  the  theoretical 
I-V  characteristics  is  a  result  of  compromise 
between  simplicity  and  accuracy  of  the  descrip¬ 
tion  [6].  In  order  to  avoid  numerical  solving 
of  the  transport  equations  in  the  semiconductor 
region  the  description  of  it  is  based  on  the 
assumption  of  constant  position  of  quasi-Fermi 
levels  across  the  semiconductor  space-charge 
region.  The  Seiwatz-Green 's  description  of  this 
region  with  the  deviation  of  the  hole  quasi- 
Fermi  level  from  the  bulk  Fermi  level  as  an 
additional  parameter  is  used.  The  densities  of 
tunnel  currents  between  the  metal  and  allowed 
energy  bands  in  semiconductor  are  calculated 
from  the  one-dimensional  integral  formula.  For 
example,  the  electron  tunnel  current  is  given 
by: 

Ex  max 

JCT  =  qj  P(EX)  N(Ex)  dEx 
0 


where  Ex  is  the  electron  energy  component  asso¬ 
ciated  with  the  motion  normal  to  the  barrier 
plane,  N(Ex)  is  the  "supply  function"  defined 
in  [7]  and  the  tunneling  probability  PCEX>  is 
expressed  by  WKB  exponential  factor  using  two- 
band  barrier  model  with  one  average  effective 
mass  m^  -. 


P  =  exp 


Here  E  j  is  the  insulator  band  gap,  F^  is  the 

electric  field  in  the  insulator  region  andoC,  -> 
1/2 

=  arccos  (01  2/Egi)  ‘^12  are  the  barrier 
heights  Ec^-Ex  at  the  turning  points  x^  and  x2, 
respectively.  The  image  forces  are  neglected  as 
it  is  suggested  in  [8].  Therefore,  the  real 
potential  barrier  is  modelled  by  a  trapezoidal 
barrier. 

The  tunnel  current  between  the  metal  and 
interface  traps  is  calculated  by  adding  the 
contributions  from  discrete  traps  levels  E^  of 
arbitrarily  assumed  density  N^EiP 

^ST^iP  =  q  Nit  (ft  "  fm)/,fT 

where  Tj  is  the  tunneling  time  constant. 

4.  RESULTS 

Fig.l  shows  the  measurement  points  of  chara¬ 
cteristics  representative  for  respective  oxide 
thicknesses.  The  total  tunnel  current  in  the 
Al-SiOj-SiCn)  system  is  dominated  in  the  whole 
bias  range  by  current  of  electrons  tunneling 
between  the  metal  and  silicon  conduction  band. 
The  number  of  parameters  affecting  this  current 
is  large,  especially  for  the  reverse  bias  dire¬ 
ction,  where  the  potential  distribution  in  the 
structure  can  be  additionally  affected  by  non- 
equilibrium  conditions  for  minority  carriers. 
For  oxide  thicknesses  t^  >  3.4  nm  there  is  a 
voltage  range  where  the  slope  of  reverse  chara¬ 
cteristics  increases  what  means  that  the  inver¬ 
sion  layer  forms  in  the  semiconductor  surface 
region.  For  t^<  3.4  nm  the  thermal  generation 
processes  in  the  semiconductor  are  not  effec¬ 
tive  enough  to  maintain  this  inversion  layer 
and  the  surface  region  is  still  in  deep  deple¬ 
tion  state  due  to  the  tunnel  outflow  of  holes 
to  the  metal  electrode.  To  avoid  considering 
the  balance  between  the  fluxes  of  minority 
carriers  and  to  limit  in  this  way  the  number  of 
parameters,  fitting  was  performed  for  positive 
bias  direction,  where  the  semiconductor  surface 
region  is  in  the  accumulation  state.  Additiona¬ 
lly  under  these  conditions  the  interface  traps 
charge  variable  with  voltage  is  much  smaller 
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than  the  accumulation  layer  charge  and  does  not 
influence  electrostatically  the  potential  dis¬ 
tribution  in  the  structure  and  hence,  the  elec¬ 
tron  tunnel  current.  Similarly,  the  I-V  charac¬ 
teristic  of  the  structure  in  the  accumulation 
state  does  not  depend  also  on  the  value  of 
impurity  concentration  assumed  in  calculations. 
It  is  easy  to  prove  that  the  potential  barrier 
shape  and  position  of  the  electron  Fermi  level 
at  the  interface,  which  together  determine  the 
current  of  electrons  tunneling  from  the  semico¬ 
nductor  conduction  band  to  the  metal,  do  not 
change  with  the  impurity  concentration  at  a 
given  gate  voltage  in  the  bias  range  of  strong 
accumulation. 


FIGURE  1 

The  experimental  and  theoretical  current- 
voltage  characteristics. 

Fig.l  shows  the  results  of  theoretical  cal¬ 
culations  (solid  lines).  It  was  not  possible  to 
fit  all  characteristics  by  changing  only  oxide 
thickness.  The  characteristics  for  tj=4.5  nm 
and  3.9  nm  were  obtained  after  assuming  the  Si- 
Si02  barrier  height  Xc=3.05  eV,  the  Al-Si02 
barrier  height  0^=3. 2  eV,  the  insulator  band 
gap  Eg^=8.64  eV  C lOU  and  the  average  two-band 
effective  mass  in  the  Si02  m^O.39  mQ  for 
ti=4.5  nm  and  0.412  mQ  for  ^=3.9  nm.  It  was 
not  possible  to  obtain  very  good  agreement  of 


shape  of  characteristics  for  these  two  oxide 
thicknesses  even  when  the  image  forces  and 
different  electron  and  hole  effective  masses  in 
Si02  were  taken  into  account.  In  order  to 
obtain  the  required  shape  of  characteristics 
for  diodes  with  oxide  of  thickness  below  3.9  nm 
the  barrier  heights  had  to  be  reduced  in  compa¬ 
rison  with  values  typical  for  "thick"  oxides. 
We  assumed  simultaneous  reduction  of  all  bar¬ 
rier  heights  so  as  to  maintain  constant  value 
of  the  metal-semiconductor  work  function  diffe¬ 
rence.  To  obtain  measured  levels  of  current, 
the  effective  mass  rrr  had  to  be  increased  with 
decreasing  the  oxide  thickness.  In  order  to 
estimate  the  oxide  effective  charge  Qefj>  fit¬ 
ting  was  also  done  for  the  points  of  characte¬ 
ristics  (marked  by  crosslets  )  for  which  the 
surface  potential  is  equal  to  the  Fermi  poten¬ 
tial.  The  oxide  effective  charge  also  had  to  be 
increased  with  decreasing  the  oxide  thickness. 
Fig.l  shows  also  a  result  of  exemplary  fitting 
to  the  characteristic  of  the  diode  with  oxide 

t.=2.9  nm  in  the  whole  bias  range,  for  which 

1  II  -2  -1 

the  interface  traps  density  0^=4 -10  cm  eV 

had  to  be  assumed. 

Fig. 2  shows  the  values  of  Xc,  itk  and 
obtained  from  fitting  as  a  function  of  oxide 
thickness. 


FIGURE  2 

Values  of  the  Si-Si02  barrier  height  X  , 
electron  effective  mass  Iti.  and  oxide  effective 
charge  Q  resulting  from  fitting  versus  the 
oxide  thickness  t^_ 
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5.  CONCLUSIONS 

The  dependence  of  the  Si-SiOj  barrier  height 
and  of  the  oxide  effective  charge  is  rather  in 
agreement  with  expectations  and  literature 
results.  The  value  of  X_  for  t.  >  3.9  nm  agrees 
with  result  of  photoemission  measurement  C 23 . 
The  behaviour  of  the  electron  effective  mass  in 
Si02  with  the  oxide  thickness  is  the  most  dis- 
cussive  result.  The  value  of  is  smaller  than 
0.6363  mQ  obtained  in  C103.  However,  values  of 
nr  reported  in  the  literature  concern  tunneling 
through  oxide  regions  very  close  to  the  Si02-Si 
or  the  metal-Si02  interface  because  they  are 
determined  from  analysis  of  the  Fowler-Nordheim 
tunnel  current.  The  greater  the  electric  field 
in  the  oxide  is,  the  less  the  influence  of 
oxide  region  beyond  the  transition  region  on 
the  tunneling  probability  is.  Our  results  indi¬ 
cate  that  increases  with  decreasing  t^  what 
can  be  a  result  of  increasing  part  of  the 
transition  SiO^  region  in  the  total  oxide 
layer.  It  is  interesting  to  note  that  the  lon¬ 
gitudinal  electron  effective  mass  in  Si  (100) 
m1=0.917  mQ. 
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In  this  paper  we  present  a  modified  charge  pumping  technique  to  obtain  the  energy 
dependence  of  interface  states  of  MOSFETs.  The  steps  of  gate  potential  shift  periodi¬ 
cally  between  3  voltage  levels. 

The  duration  of  the  gate-mid-level  l/pMln  gives  a  precise  control  of  the  electron 
and  hole  emission  times  avoiding  to  generate  and  measure  transition  times  of  trape¬ 
zoidal  pulses.  Furthermore  an  extension  of  charge  pumping  measurements  on  chains  of 
MOSFETs  in  parallel  is  realized.  C\l  measurements  at  varactors  of  the  same  testchip 
are  evaluated  and  compared  to  the  results  of  the  charge  pumping  technique. 


1.  INTRODUCTION 

Due  to  the  reduction  of  MOSFET  dimensions  to¬ 
wards  smaller  geometries,  the  investigation  of 
the  Si-SiO^  interface  becomes  important  again. 
This  is  the  consequence  of  new  technology  pro¬ 
cesses  and  of  working  conditions  under  higher 
electric  fields,  which  both  can  lead  to  addi¬ 
tional  interface  states.  For  monitoring  these 
effects  an  appropriate  measurement  method  is  re¬ 
quired. 

Charge  pumping  offers  the  possibility  to  ob¬ 
tain  the  energy  dependence  of  interface  states 
even  for  submicron  MOSFETs.  This  analysis,  pro¬ 
posed  by  Groeseneken  et  al.  [1],  uses  the  varia¬ 
tion  of  the  rise  and  fall  times  to  control  the 

electron  emission  time  t  or  the  hole  emission 
e 

time  t^  respectively  for  achieving  a  scan  of  the 
density  of  interface  states  Di(.  over  the  band- 
gap. 

The  electron  and  hole  emission  times  t  and 

e 

t.  are  time  intervals  in  which  the  surface  states 
h 

are  discharged  and  charged  respectively,  de¬ 
scribed  by  the  model  after  Shockley,  Read  and 
Hall  [2].  On  this  model  the  charge  pumping  ef¬ 
fect  is  based.  But  hitherto  certain  discrepan¬ 
cies  in  the  energy  distribution  of  interface 
states  obtained  by  different  methods  of  analysis 
still  remain.  The  reason  for  inaccuracies  within 


the  results  from  charge  pumping  is  connected  to 
the  intermediate  state  of  inequilibrium  at  the 
semiconductor  surface.  These  time  intervals 
have  to  be  precisely  controlled. 


2.  MODIFIED  CHARGE  PUMPING  TECHNIQUE 

An  accurate  method  to  control  the  electron 

emission  time  t  or  the  hole  emission  time  t. 

e  h 

can  be  realized  by  a  3-level  pulse  train  de¬ 
picted  in  fig.  1. 


FIGURE  1 


3-level  charge  pumping,  diagram  of  gate  voltage 
pulsetrain  and  measurement  setup. 
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The  purpose  of  each  of  the  three  voltage  levels 
during  one  period  of  charge  pumping  will  be  de¬ 
scribed  next  for  the  case  of  a  n-channel  MOSFET. 

1.  starting  phase 
Oitstji 

the  lowest  level  accumulates  positive  charge  at 
the  surface  of  the  MOSFET  and  completes  the  pos¬ 
itive  charging  of  the  interface  states  by 
hole  capture. 

2.  transition  phase 


GMID 


4  5  t  S  t2: 


phase  \l 


GH 


the  mid-level  ^  has  to  be  adjusted  to  de¬ 
plete  the  surface  from  free  carriers,  so  that  no 
capture  processes  can  occur. 

During  the  interval  t^  of  following  the 

switching  from  \l ^  to  there  will  be  only 

hole  emission  from  the  interface 
states. 

3.  terminating 
t2  S  t  <  1 3 : 

the  highest  level  must  ensure  strong  inver¬ 
sion  of  the  surface,  so  that  negative  charging 
of  the  traps  will  now  be  completed  by 
electron  capture 
carefully  adjusted  to  appropriately  higher  val 
ues  for  still  reaching  inversion  if  a  reverse 
voltage  V<-g  between  the  source  and  drain  elec¬ 
trodes  to  the  substrat  will  be  applied. 

For  the  second  part  of  the  pulse  train  ac¬ 
cordingly  to  the  first  part  of  the  description 
3  phases  of  charge  pumping  procedure  occure 

1.  starting  phase  V, 


must  be 


GH 


t2  £  t  <  t,: 


negative  charging  of  the  surface  by  electrons 
within  equilibrium 

2.  transition  phase  V„ 


GMID 


tj  S  t  .<  t4: 


electron  emission  from  the  interface  states 
within  in-equilibrium 


V, 


GL 


3.  terminating  phase 
t4  S  t  S  t5: 

hole  capture  by  the  interface  states  to  equili¬ 
brium. 


For  easily  positioning  V 


GMID 


within  a  voltage 


range  in  which  the  surface  has  to  be  depleted  a 


additional  reverse  voltage  between  the 
source  and  drain  electrodes  referring  to  the 
substrate  is  recommended.  By  this  the  range  for 
^GMID  can  156  en^ar9ec*  to  several  volts  as  can  be 
seen  in  fig.  2. 


c 


CL. 


FIGURE  2 

Charge  pumping  current  ICP  vs.  mid-level  l/GMID 
of  gate  voltage  at  varies  source/drain  to  sub¬ 
strat  voltages.  The  plateaus  of  minimum  current 
mark  the  voltage  ranges,  in  which  Vgmid  makes 
the  surface  depleted. 


When  comes  out  of  the  voltage  range,  in 

which  the  surface  will  be  depleted,  the  fast 
rise  times  of  the  pulses  will  be  responsible  for 
shorter  emission  times  and  consequently  for  a 
higher  pump  current.  As  a  contrast  to  the  con¬ 
ventional  charge-pumping-technique  non-equili¬ 
brium  processes  are  observed  during  phases  of 
constant  gate-voltage,  not  during  a  ramp  period. 
The  time  intervals  t^.  and  t^  of  the  modified 
pumping  method  are  directly  related  to  the  emis¬ 
sion  times  t  and  t.  for  electrons  and  holes  re- 
e  h 

spectively,  because  the  capture  processes  start 
exactly  and  abruptly  after  t^  and  t^,  when  strong 
inversion  or  accumulation  are  reached.  This  is 
expressed  in  eq.(l). 

electron  emission  time  t  =  t. 

6  E  (1) 
hole  emission  time  th  =  t^ 

By  investigating  the  influence  of  V ^  or  on 
the  charge  pumping  current  it  is  advantageous 
that  the  times  tg  and  t^  are  not  affected  by 
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varying  of  or  as  it  will  be  the  case  by 
the  conventional  trapezoidal  pulsetrain.  This 
can  be  seen  by  presenting  the  corresponding 
equation  to  eq.  (1)  for  the  trapezoidal  pulse- 
train  te  =  *  tf>  til.  where 

tj,  is  the  falltime  from  Vj.g  to  1/^. 

Furthermore,  for  the  modified  technique  the 
times  t  and  t^  are  independent  from  the  voltage 
interval  V^g-V-p 

In  summary  the  advantages  of  the  3-level 

pulsetrain  for  controlling  the  emission  times  t 

and  t.  are 
h 

-  equality  of  the  pulse  interval  tr,  tu  and  the 

t  H 

emission  time  tfi,  t^,  respectively. 

-  pulsetrain  can  be  generated  by  two  simple  gen¬ 
erators  with  fixed  rise  times;  the  time 
intervals  t^.,  tg  are  easier  to  measure  than 
rise  or  fall  times. 

-  a  very  large  ratio  tr/tu  is  easy  to  realize. 

3.  EXTENSION  OF  CHARGE  PUMPING  MEASUREMENTS  ON 
CHAINS  OF  MOSFETS 

Efforts  were  made  to  enable  charge  pumping 
measurements  at  single  devices  of  MOSFET  chains. 
This  is  necessary  because  most  of  the  available 
testchips  only  offer  chains,  in  which  gates  and 
sources  of  the  MOSFETs  are  interconnected  in 
parallel.  The  investigation  of  a  single  device 
is  of  interest  e.g.  especially  when  monitoring 
the  effects  of  hot  carrier  stress.  To  activate 
a  single  MOSFET  only  to  charge  pumping  the  fol¬ 
lowing  steps  must  be  carried  out  and  this  refers 
to  a  circuit  as  shown  in  fig.  3. 


Circuit  scheme  for  pumping  a  single  device  of  a 
MOSFET  chain.  T2  is  selected. 


1)  The  level  of  the  gate  pulse,  which  provides 
inversion  of  the  surface,  should  be  chosen 
some  tenth  of  a  volt  above  threshold.  Thresh¬ 
old  voltage  is  given  here  by  assuming  Ugg  as 
the  acting  backgate  voltage. 

2)  The  common  source  voltage  V^g  must  be  reverse 

biased  high  enough,  so  that  no  inversion  can 
occur  by  assuming  U^g  as  the  acting  backgate 
voltage.  The  measured  substrate  current  must 
approach  zero  by  having  all  drain  contacts 
floating.  Care  must  be  taken,  that  V<-g  will 
not  be  chosen  too  high  so  that  the  effective 
channel  voltage  causes  a  substrate 

current  that  exceeds  the  pump  current. 

3)  To  select  a  MOSFET  for  pumping,  the  drain 
electrode  must  be  connected  to  the  V^g  vol¬ 
tage.  The  drain  electrodes  of  the  other  de¬ 
vices  may  be  left  floating  or  can  be  connected 
to  the  Vgg  voltage. 

It  is  worth  mentioning  that  the  selected  device 
may  have  a  channel  current  several  times  higher 
than  the  pump  current,  without  affecting  the 
latter. 

4.  EXPERIMENTAL  RESULTS 

We  have  used  the  new  capability  of  pumping 
a  single  device  within  a  MOSFET  chain  to  inves¬ 
tigate  the  dependence  of  the  interface  state 
density  from  the  effective  channel  length 
Lepf.  In  fig.  4  it  can  be  seen,  that  there  is 
no  remarkable  change  of  to  shorter  channel 


eff.  channel  length  /  urn 

FIGURE  4 

Interface  state  density  as  a  function  of 
effective  channel  length  Leff. 
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For  applying  the  modified  charge  pumping  tech¬ 
nique  to  determine  the  energy  distribution  of 
interface  states,  the  times  t^  and  t^  were  var¬ 
ied  and  the  pump  current  Ij,p  monitored.  The  re¬ 
sults  are  illustrated  in  fig.  5. 
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FIGURE  5 


Pumpcurrent  I^p  as  a  function  of  the  times  t^. 

and  tu,  which  are  defined  in  fig.  1. 

H 


In  an  analogous  way  to  [1]  the  slope  of  the 
curves  is  proportional  to  the  density  of  states 
at  an  energy  U,  which  is  determined  by  the  val¬ 
ues  of  tp  and  t^,  respectively. 

A  plot  of  the  energy  distribution"  D^(W)  of 
interface  states,  obtained  with  the  modified 
charge  pumping  technique,  is  shown  in  fig.  6 


FIGURE  6 

Energy  distribution  of  interface  states.  Compari¬ 
son  between  charge  pumping  method  with  evalua¬ 
tion  after  [1]  and  quasistatic  C-U  method. 

MOSFETs  and  varactors  are  on  the  same  wafer. 


To  verify  the  0^  values  of  a  polysilicon  gate 
M0SFET  a  comparison  with  results  of  quasistatic 
C-U  or  Q-V  [3]  measurements  of  varactors  on  the 
same  wafer  were  made.  In  fig.  6  the  results  of 
the  D^(U)  evaluation  from  C-V  measurements  of 
varactors  are  also  shown.  The  two  curves  indi¬ 
cate  the  spread  for  different  specimens  on  the 
same  wafer.  The  increase  of  D^(W)  to  the  band- 
edges  as  obtained  from  the  C-U  method  has  not 
been  observed  for  the  charge  pumping  results. 

But  the  accuracy  of  the  C-U  method  is  restriced 
to  depletion  and  weak  inversion,  as  is  well 
known.  For  the  investigated  varactors  this  will 
be  the  range  from  -0,29  to  +0,29  eU. 

5.  CONCLUSION 

A  3-level-charge  pumping  technique  facilitates 
the  calibration  of  the  non-equilibrium  region  of 
band-bending  and  the  evaluation  of  electron  or 
hole  emission  times.  It  provides  energy  distri¬ 
butions  of  interface  state  density  comparable  to 
results  from  C-V-measurement’s.  This  technique  is 
applicable  to  test  structures  of  parallel  chains 
of  MOSFETs. 

ACKNOWLEDGEMENTS 

For  device  preparation  we  appreciate  the  aid 
of  Dr.  0.  Haack,  Fa.  R.  Bosch,  Reutlingen.  Fur¬ 
thermore  we  thank  Dr.  W.  Seifert  and  his  team 
for  intensive  technology  assistance.  For  finan¬ 
cial  support  w,»  are  grateful  to  the  Institut  fur 
Mikrostrukturtechnik  der  Fraunhofer-Gesellschaft 
Berlin/IMT. 

REFERENCES 

[1]  Groeseneken,  G. ,  Maes,  H.E.,  Beltran,  N. , 

De  Keersmaecker,  R.F . ,  IEEE  Trans  ED-31, 

(1984)  p.  42-53 

[2]  Shockley,  W.,  Read,  W.T.Jr.,  Phys.  Rev.  87 
(1952)  p.  835-842 

[3]  Ziegler,  K.,  Klausmann,  E.,  Appl.  Phys. 

Lett.  26,  (1975),  400 


690 


P2.2.9 


MONITORING  THE  IMPURITY  PROFILE  AND  THICKNESS  OF  SEMICONDUCTOR  LAYERS  WITH  THE 
CHANNEL  CONDUCTANCE  OF  BURIED  CHANNEL  FIELD  EFFECT  DEVICES 
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A  new  method  to  determine  the  width  of  depleted  layers  and  the  impurity  profile  in 
semiconductor  materials  is  presented.  The  method  employs  the  channel  conductance  of 
buried  channel  field  effect  devices  (with  junction,  oxide  or  Schottky-barrier  gate 
isolation)  and  can  be  performed  with  DC  measurements  only.  A  concise  derivation  of 
the  expressions  for  the  impurity  concentration  and  the  depletion  layer  width 
dependent  on  the  channel  conductance  is  given.  Experimental  results  on  both  measured 
and  synthetic  data  are  provided. 


1.  INTRODUCTION 

After  the  processing  of  semiconductor  wafers, 
it  is  important  to  determine  the  width  and  the 
impurity  atom  concentration  profile  of  epitax¬ 
ially  grown  or  ion-implanted  semiconductor 
layers. 

Probably  the  most  widely  used  non-destructive 
method  to  obtain  this  information  is  the  diffe¬ 
rential  capacitance  or  CV-method,  as  originated 
by  Schottky  [1]  and  elaborated  upon  by  many 
others,  e.g.  [2-4],  This  method  has  the  advan¬ 
tage  of  being  generally  applicable;  as  a  meas¬ 
urement  device  a  reverse  biased  Schottky-  or  pn- 
diode,  or  a  MOS-structure,  suffices.  However, 
especially  in  production  environments  the 
following  disadvantages  must  be  noted: 

-  the  need  to  eliminate  stray  and  peripheral 
capacitances ; 

-  the  influence  of  series  resistance 
(especially  in  the  case  of  low  impurity 
concentrations) ; 

-  the  use  of  an  AC  test  signal  which  makes 
the  measurement  sensitive  to  interference 
from  other  AC  sources. 

We  present  a  novel  profiling  method  that 
employs  the  channel  conductance  versus  the  gate 
voltage  of  buried  channel  field  effect  devices. 
Such  a  device  might  either  be  a  JFET,  a  MESFET 
or  a  buried  channel  MOSFET,  devices  all 
described  by  Sze  [5].  These  test  structures  can 


Fig.  1.  Channel  Conductance  Device. 

(a)  JFET  Device  in  Bipolar  process. 

(b)  Configuration  during  measurement 
(a)  Dimensions  of  active  gate  area. 
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be  realized  in  most  bipolar  and  MOS  IC 
fabrication  processes.  Therefore,  this  channel 
conductanc  thod  also  covers  a  large  range  of 
possible  a, . -ications.  Moreover,  it  offers  the 
following  advantages  over  the  CV-method: 

-  rapid  DC  (IV)  measurements  only; 

-  less  influenced  by  side  effects,  hence 
smaller  devices; 

-  especially  suitable  for  low  impurity 
concentration  measurements. 


A  method  to  account  for  the  (small)  influence 
of  V^#  is,  in  a  similar  context,  provided  by 
Buehler[6].  Both  assumptions  2.  and  3.  are  also 
made  in  the  case  of  the  CV  method  [!].  For  the 
error  caused  by  the  depletion  approximation, 
correction  schemes  are  available,  see  e.g.  [2]. 

The  traditional  expressions  for  the  impurity 
concentration  N  and  the  depletion  width  x  as 
computed  from  the  small  signal  depletion  layer 
capacitance  C  are 


2.  DEVICE  STRUCTURE  AND  PRINCIPLE  OF  THE  METHOD 

In  this  paper  we  restrict  ourselves  to  the 
case  of  a  Junction  FET  measurement  device.  Our 
experimental  results  have  also  been  obtained 
with  such  a  device.  The  appropriate  expressions 
for  MESFETs  are  equal  to  those  of  JFETs ;  the 
derivation  of  the  expressions  for  MOSFETs  is 
straightforward. 

Fig.  la  depicts  a  cross  section  through  a 
JFET  channel  conductance  device  fabricated  in  a 
common  bipolar  process.  The  gate  is  formed  by  a 
shallow  p-type  (base)  diffusion.  The  target  of 
the  measurement  is  the  thickness  and  the 
impurity  profile  of  the  n-type  epitaxial  layer, 
which  constitutes  the  channel  of  the 'JFET.  To 
eliminate  unwanted  series  resistance,  source  and 
drain  are  formed  by  shallow  n-type  (emitter) , 
deep  n-type  (collector  wall)  and  n-type  buried 
layer  diffusions. 

A  negative  voltage  V^  is  applied  to  the  gate 
in  order  to  build  up  a  depletion  layer  in  the 
channel.  A  small  voltage  v^  is  applied  between 
source  and  drain  in  order  to  measure  the  channel 
conductance  G  ■  I^/V^  dependent  on  V  .  This  is 
schematically  depicted  in  fig.  lb. 

In  our  derivation,  the  following  assumptions 
are  made; 

1 .  The  influence  of  non-zero  V .  on  the 

ds 

channel  conductance  is  negligible; 

2.  The  extension  of  the  depletion  layer  in 
the  gate  may  be  neglected; 

3.  An  abrupt  space  charge  edge  separates  the 
depleted  region  from  the  channel  region 
(the  depletion  approximation). 


N(x) - -far  •  x  mSz  (1) 

«eA  dV 

g 

where  A  is  the  area  of  the  active  gate  and  e  the 
permittivity  of  the  material.  By  definition  C 
also  equals 


C 


ia 

dV 


(2) 


where  dQ  is  the  incremental  charge  present  in 
the  slab  with  thickness  dx  that  is  added  to  the 
depletion  layer  when  V^  is  increased  with  dV^, 


dQ  »  qAN(x)dx  (see  fig.  lb).  (3) 


The  same  increment  dV  decreases  the  channel 
g 

conductance  G  with  an  amount 


dG  -  qUF  N(x)dx  (4) 

g 

where  y  is  the  low-field  mobility  of  the 

majority  carriers  (here  electrons).  F  is  a 

g  ^ 

dimensionless  geometrical  factor  that  is  solely 
determined  by  the  shape  of  the  active  gate 
region.  In  the  case  of  a  rectangular  gate,  F^ 
equals  the  aspect  ratio  W/L  (fig.  lc). 

From  (2) ,  (3)  and  (4)  we  find  an  expression 
for  the  capacitance  expressed  in  the  conductance 


C 


A 


(5) 


Substitution  of  (5)  in  the  parametric  relations 
(1)  yields  the  desired  expressions  of  N  and  x  in 
terms  of  the  conductance  G: 
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It  may  be  of  interest  to  note  that  these 
formulas  can  also  be  derived  without  the  use  of 
the  CV  expressions  (1). 

If  the  low  field  mobility  u  as  a  function  of 
x  (and  thus  V  )  may  be  considered  constant,  e.g. 
in  the  case  of  low  impurity  concentrations, 
expressions  (6)  may  be  simplified  to 


These  expressions  can  be  evaluated  directly. 

If  p  is  not  constant,  an  empirical  relation¬ 
ship  describing  p  -  f(N),  an  example  of  which  is 
provided  by  Masetti  [7],  must  be  used  in  order 
to  find  both  p  and  N  using  the  derived  expres¬ 
sions  (6).  This  involves  an  iterative  scheme  in 
which,  starting  with  constant  p,  alternatively  N 
and  p  =  f(N)  are  computed  until  converger  ;e  is 
reached.  A  further  detailed  discussion  of  this 
scheme  is  not  within  the  scope  of  this  paper; 
however,  some  results  are  shown  below. 


3.  IMPLEMENTATION  OF  THE  METHOD 

Some  practical  aspects  of  the  new  method  are 
discussed  below. 

If  the  channel  conductance  device  is  fabri¬ 
cated  in  a  process  with  junction  isolation,  the 
measurements  will  be  distorted  by  the  parasitic 
parallel  conductance  along  the  lateral  confine¬ 
ment  (fig.  lc).  Two  methods  can  be  thought  of  to 
avoid  this  distortion:  compensation  by  subtrac¬ 
tion  (fig.  2a)  or  elimination  of  the  confinement 
by  using  a  circular  (or  polygonal)  gate  (fig. 
2b). 

Numerical  determination  of  the  2nd  derivative 
of  a  measured  quantity  is  notably  difficult.  We 
used  a  simple  current  compensation  measurement 
technique,  involving  the  subtraction  of  a 
constant  current  from  1^,  to  accurately  deter¬ 


mine  conductance  differences  AG  as  a  function  of 

Av  .  Differentiation  of  this  data  by  curve-fit- 
8 

ting  (see  Ralston,  [9])  then  provides  for  a 
stable  and  precise  calculation  of  dzG/dVz. 

4.  EXPERIMENTAL  RESULTS 

Results  are  available  on  both  measured  and 
synthetic  channel  conductance  data.  Measurements 
were  made  with  a  channel  conductance  Process 
Control  Module  (PCM),  consisting  of  a  circular 
JFET  (fig.  2b)  and  meant  for  use  in  the  Junction 


Drain 

Fig.  2.  Compensation  of  lateral  conductance. 

(a)  With  two  rectangular  devices. 

(b)  With  a  circular  device. 

Charge-Coupled  Device  bipolar  process  [10].  The 
device  easily  fitted  into  a  standard  PCM  unit  of 

500  x  500  pms  size.  Fig.  3a  presents  the 
impurity  profile  obtained  with  this  module  as 
compared  to  the  profile  conventionally  obtained 
with  the  CV  method. 
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In  fig.  3b,  a  result  on  synthetic  data  is 
shown.  Depicted  are  the  impurity  profile  used  to 
simulate  the  measurement  (a) ,  and  the  impurity 
profiles  obtained  from  the  simulated  conductance 
data  by  the  above  mentioned  iterative  scheme 
(b-e) .  Clearly,  after  a  few  iterations  the 
measured  profile  coincides  with  the  original  one 
within  a  few  precents. 


Fig.  3a.  Impurity  profiles  with  CV  and  Channel 
Conductance  (GV)  methods. 


Fig.  3b.  Iterative  determination  of  the  impu¬ 
rity  profile  in  the  case  of  non-con¬ 
stant  mobility. 

b  -  initial  guess ,  a  -  after  1  iter¬ 
ation,  d  -  2  iterations,  e  -  S  iter¬ 
ations.  a  -  desired  result. 


5.  CONCLUSION 

Determination  of  impurity  profiles  with  chan¬ 
nel  conductance  measurements  provides  an  attrac¬ 
tive  alternative  to  profiling  with  capacitance- 
voltage  measurements.  The  method  can  easily  be 
implemented  on  existing  computer  controlled  IV- 
uteasurement  equipment  as  it  is  commonly  used  in 
wafer  fabrication  facilities.  Simple  measure¬ 
ment  devices  of  moderate  size  are  sufficient. 

The  method  is  especially  useful  for  semiconduc¬ 
tor  layers  with  low  impurity  concentration,  as 
it  is  not  influenced  by  channel  series  resis¬ 
tance,  and  correction  for  non-constant  mobility 
may  then  be  omitted. 

ACKNOWLEDGEMENTS 

The  authors  are  much  indebted  to  H.  Punter 
and  A.M.J.  van  Hout  of  Philips  Elcoma,  Nijmegen, 
The  Netherlands,  who  fabricated  the  devices,  and 
to  J.C.  Staalenburg,  who  performed  the 
measurements. 

REFERENCES 

[1]  Schottky,  W.,  Z.  Phys.  (1942)  118 

[2]  Kennedy,  D.P.  and  O'Brien,  R.R.,  IBM  J. 

Res.  Dev,  (1969)  212 

[3]  Verjans,  J.  and  van  Overstraeten,  R.J., 

Solid  St.  Electron.  18  (1975)  911 

[4]  Baccarani,  G.  et  al..  Solid  St.  Electron.  23 
(1980)  65 

[5]  Sze,  S.M. ,  Physics  of  Semiconductor  Devices 
(Wiley,  New  York,  1981) 

[6]  Buehler,  M.G.,  IEEE  Trans.  Electron  Devices 
ED-27  (1980)  2273 

[7]  Masetti,  G. ,  Sevri,  M.  and  Solan,  S.,  IEEE 
Trans.  Electron  Devices  ED-30  (1983)  764 

[8]  Hendrickson,  T.E.,  Solid  St.  Electron.  22 
(1979)  199 

[9]  Ralston,  A.,  A  first  course  in  Numerical 
Analysis  (McGraw-Hill,  New  York,  1965) 

[ I0J Wolsheimer,  E.A.  and  Kleefstra,  M. ,  IEEE 
Trans.  Electron  Devices  ED-29  (1982)  1930 


694 


P2.2.10 


SCANNING  OF  THE  ENTIRE  ENERGY  GAP  AT  THE  SI-SIO,  INTERFACE  IN  MOSFETs  USING  THE  CON¬ 
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A  new  and  accurate  approach  to  ac  conductance  measurements  on  MOSFETs  is  presented.  It  is  shown  that  the 
conductance  technique  can  be  used  to  study  interface  trap  properties  in  the  entire  silicon  band-gap  by  direct 
measurement  on  a  single  MOSFET.  Moreover,  the  validity  of  the  dynamic  transconductance  method  is  assessed  by 
comparing  its  results  with  those  obtained  from  conductance  measurements  on  the  same  devices. 


1.  INTRODUCTION 

In  spite  of  the  intensive  efforts  to  study  the  Si-Si02  interface 
properties  in  MOSFETs  [  1,2],  still  there  is  not  a  reliable 
technique  capable  of  providing  complete  information  about 
interfee  traps  in  the  whole  energy  gap  from  direct  measurement 
on  MOS  transistors.  Recently,  a  new  method  has  been  proposed 
to  determine  interface  trap  properties  from  measurements  of  the 
dynamic  transconductance  of  MOSFETs  in  weak  inversion  [3], 

In  this  paper,  we  present  an  adaptation  of  the  conductance 
technique  [4]  so  that  it  may  be  applied  for  the  characterization 
of  interface  traps  directly  on  MOSFETs.  In  addition,  the 
obtained  results  are  compared  with  those  provided  by  dynamic 
transconductance  measurements. 

2.  THEORY 

In  this  section  the  MOSFET  ac  equivalent  circuit  in  depletion 
and  in  inversion  is  analyzed.  Furthermore,  the  equivalent  parallel 
admittance  of  interface  traps  is  extracted  in  terms  of  the 
measured  MOSFET  admittance.  The  case  of  an  N-channel 
device  is  considered;  the  P-channel  case  follws  by  analogy. 

Figure  (1)  shows  the  simplified  MOSFET  ac  equivalent 
circuit  with  the  source,  drain  and  substrate  grounded.  The 
resistance  rj  is  the  channel  sheet  resistance  related  to  the 

*  Electrical  Eng.  Dept,  Alexandria  University,  Alexandria,  EGYPT. 


inversion  charge  Q;  and  the  effective  mobility  Peff  by  :  r;  «= 
I'foeffQi)- 

It  is  important  to  note  that  the  channel  resistance  Rj  =  r;L/W, 
limits  the  frequency  response  of  the  inversion  layer  and  increases 
the  channel  time  constant  TgC  which  can  be  expressed  as  [5]: 

Ci(Cox*  Cd>  riL* 

Tgc"  cL  +  cd  +cox  4 

Figure  (2)  shows  theoretical  plots  of  fgc  as  a  function  of  Vg 
with  the  channel  length  as  a  parameter  calculated  using  field 
dependent  Meff-  &  is  easily  seen  that  TgC  is  essentialy  constant  in 
weak  inversion  and  decreases  with  increasing  Vg  in  strong 
inversion.  It  is  also,  worth  noting  that  fgC  has  values  less  than 
10'*  s  for  L<  5  pm.  This  means  that,  for  such  channel  lengths, 
the  effect  of  the  inversion  layer  resistance  on  the  time  response 
of  the  channel  can  be  neglected  at  frequencies  up  to  several  tens 
of  MHz. 

Having  developed  the  equivalent  circuit  of  an  MOSFET  (with 
source,  drain  and  substrate  tied  together)  we  are  now  going  to 
discuss  the  exploitation  of  conductance  measurements  for  the 
determination  of  interface  trap  properties  in  the  entire  silicon 
band-gap. 
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source,  drain  Cj 


FIGURE  1 


Simplified  MOSFET  ac  equivalent  circuit  with  grounded  source,  drain  and  substrate  for  :  (a)  Interface  traps  in 
interaction  with  both  minority  and  majority  carrier  bands,  (b)  Depletion  regime  and  (c)  Inversion  regime. 


0.8  1.0  1.2  1.4 


Gate  voltage  (Volt) 

FIGURE  2 

Channel  time  constant  versus  gate  voltage  calculated  for 
transistors  of  different  channel  lengths  and  having  N,  -  1014 
cm'3,  t^-  25  001  (without  interface  traps  and  find  oxide 
charge). 


In  accumulation  and  depletion,  the  MOSFET  eqivalent 
circuit  is  as  shown  in  Kg.(l-b).  Gpp  and  Cpp  are  the  parallel 
conductance  and  capacitance  associated  with  the  interface  traps 
while  the  resistance  R,  is  the  substrate  series  resistance.  We 
notice  that  the  equivalent  circuit  in  this  case  is  exactly  the  same 
as  that  of  an  MOS  capacitor  and  consequently,  the  interface 
traps  interacting  with  the  majority  carrier  band  can  be 
characterized  in  the  same  manner. 


On  the  other  hand,  in  the  case  of  MOS  capacitors  operating 
in  weak  and  strong  inversion,  the  channel  formation  is  very  slow 
unless  minority  carrieres  are  supplied  by  an  external  source. 
Consequently,  when  carrying  out  conductance  measurements, 
the  interface  traps  are  always  obliged  to  interact  with  the 
majority  carrier  band  and  this  requires  very  low  measuring 
frequencies  to  study  the  interface  traps.  On  the  contrary,  in 
MOSFETs,  the  source  and  drain  junctions  provide  an  enormous 
supply  of  minority  carriers  to  form  the  channel  Furthermore,  for 
negligible  channel  resistance  (Lc.  small  channel  lengths)  the 
formation  of  the  inversion  layer  is  extremely  fast.  As  a  result  of 
such  a  rapid  response,  the  interface  traps  in  the  upper  half  of  the 
silicon  band-gap  will  easily  interact  with  the  minority  carrier 
band  in  weak  and  strong  inversion.  Therefore,  such  traps  can  be 
characterized  in  a  similar  way  as  those  interacting  with  the 
majority  carrier  band  in  depletion.  The  equivalent  circuit  in  this 
case  can  be  represented  in  the  form  shown  in  Fig-(l-c)  with  Gp„ 

and  Cp„  are  the  interface  trap  parallel  conductance  and 
capacitance. 

It  is  dear  that  the  determination  of  Gp0  and  Cpn  requires  the 
knowledge  of  both  R;  and  C<j.  The  channel  resistance  R;  at  a 
given  value  of  Vg  can  be  easily  obtained  from  the  the  static 
1d(vd)  characteistics  at  very  small  drain  voltage  Vjy.  For 
determining  Cjj,  the  gate-substrate  capacitance  is  measured  with 
the  source  and  drain  floating.  In  this  case  the  minority  carriers 
(electrons)  forming  the  channel  are  not  provided  by  the  source 
and  drain -but  by  the  substrate  itself  and  consequently,  the 
channel  response  is  very  slow.  In  fad  we  have  exactly  the  same 
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situation  as  in  MOS  capacitors. 
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Finally,  the  interface  traps  in  the  entire  silicon  band-gap  can 
be  characterized  using  the  Gp^*  and  Gpg/a  vs.  frequency  plots 
at  different  gate  voltages  in  depletion  and  in  inversion. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Conductance,  capacitance  and  dynamic  transcondnctance 
measurements  have  been  performed  on  poly- silicon  gate  n- 
channel  MOSFETs  having  substrate  doping  of  2X10'1*  cm-3, 
gate  oxide  thickness  of  25  nm,  channel  length  L  ■  3  ytm  and 
channel  width  W  =*6000  pm. 


FIGURE  3 


Measurements  are  carried  out  at  room  temperature  the 
HP4192A  impedance  analyzer  at  frequencies  between  100  kHz 
and  10  MHz.  At  lower  frequencies  (50  Hz<f<  100  KHz)  the 
PAR-124A  synchronous  detector  equiped  with  the  PAR-184 
current-voltage  converter  is  used. 

it  is  worth  noting  that  the  application  of  the 
technique  to  VLSI  MOSFETs  of  very  small  titnwminiii  requires 
very  sensitive  measuring  instruments  and  special  precautions 
since  the  device  gate  capacitance  is  in  the  order  of  a  few  tens  of 
femto  Farad.  It  is  for  this  reason  that  we  have  performed  our 
measurements  on  transistors  of  large  channel  widths  in  order  to 
increase  the  gate  area  while  keeping  the  channel  length  in  the 
range  of  a  few  microns.  However,  for  MOSFETs  of  channel 
lengths  of  the  order  of  1  pm  and  gate  oxide  thicknesses  smaller 
than  15  nm  (typical  for  VLSI  applications),  channel  widths  of 
few  hundreds  of  microns  will  be  quite  sufficient  to  allow  easy 
capacitance  and  conductnce  measurements. 

For  illustration,  Frg.(3)  shows  the  measured  capacitance 
Cm(Vg)  and  conductance  Gm(Vg)  characteristics  for  two 
different  frequencies  obtained  with  the  source,  drain  and 
substrate  grounded.  In  addition  to  the  rlaiiral  conductance 
peak  in  depletion,  shifting  towards  accumulation  with  increasing 
frequency,  a  second  conductance  peak  appears  in  weak 
inversion.  This  second  peak  shifts  towards  strong  inversion  with 
increasing  frequency  and  is,  therefore,  attributed  to  the 
interaction  of  the  interface  traps  with  the  conduction  band  due 
to  the  rapid  response  of  the  inversion  carriers.  Furthermore,  with 
decreasing  frequency,  the  two  peaks  shift  towards  mid-gap 
voltage  and  are  confused  in  a  single  peak. 


Measured  capacitance  and  conductance  Gm  versus  gate 
voltage. 


The  interface  trap  density  Dj(  and  the  time  constants  tp  and 
Vq  can  be  determined  from  the  magnitudes  and  positions  of  the 
maxima  of  Gpp/i»  and  Gp„/«>.  In  weak  inversion  Gp,j/»  is 
obtained  from  conductance  as  well  as  from  dynamic  trans- 
conductance  measurements.  In  the  later  case,  Gpj/is  is  found 
from  the  imaginary  part  of  l/femC01)  and  is  given  by  [3]  : 
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where  Ij  is  the  drain  current  at  a  given  Vg. 


(2) 


Figures  (4)  and  (5)  show  the  interface  trap  density  profile 
Djt(E)  and  the  time  constants  Tpn  in  the  entire  silicon  band-gap. 
An  excellent  agreement  is  observed  between  conductance  and 
dynamic  transconductance  results  in  the  upper  half  of  the  band- 
g«P- 


FIGURE  4 
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Interface  trap  density  profiles  obtained  using  the  conductance 
technique  (filled  circles)  and  the  dynamic  transconductance 
method  (open  circles). 
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FIGURES 

Interface  trap  time  constants  obtained  using  the  conductance 
technique  (filled  circles)  and  the  dynamic  transconductance 
method  (open  circles). 

4.  CONCLUSIONS 

In  this  paper  we  adapted  the  conductance  technique,  well 
known  for  MOS  capacitors,  to  be  applied  to  MOSFETs  in 
inversion  as  well  as  in  depletion.  We  have  clearly  illustrated  that 


the  conductance  technique  can  be  applied  to  study  interface  trap 
properties  through  the  whole  silicon  energy  gap  by  direct 
measurements  on  a  single  MOSFET.  As  a  result,  an  MOSFET  of 
a  sufficiently  large  channel  width  and  relatively  small  channel 
length  (L<  10  pun)  can  be  used  as  steal  structure  instead  of  on- 
chip  monitor  capacitors  to  study  interface  trap  properties. 

Finally,  the  dynamic  transconductance  method  is  proved  to 
give  the  same  information  as  the  conductance  technique  in  weak 
inversion.  Furthermore,  this  method,  unlike  the  conductance 
technique,  can  be  used  in  the  case  of  very  small  gate  areas  by 
virtue  of  its  high  sensitivity  [3], 
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The  difficulties  of  Making  accurate  measure¬ 
ments  of  Intrinsic  capacitances  on  small 
geometries  MOSFETs  renders  the  model Izatlon  of 
these  components  unreliable.  Recently  an  on- 
chip  technique  has  been  developped  for  these 
measurements  (1).  This  method,  however.  Is  not 
versatile  because  It  need  special  on-chip  cir¬ 
cuitry.  This  paper  describes  a  high  resolution 
direct  on-wafer  off -chip  C-V  capaclmeter. 

This  apparatus  allows  for  the  validation  of 
the  SPICE  Intrinsic  gate  capacitance  model  by 
the  observation  of  the  differences  In  capaci¬ 
tances  when  the  geometries  are  reduced  or  when 
the  transistors  are  not  conventlonnal  (1e-  LDO, 
000...).  It  also  permits  the  measurement  of  the 
effect  of  charges  variation  In  the  oxide  or  at 
the  SI02  Interface  on  the  Cgd  and  Cgs  capaci¬ 
tance  after  hot  carrier  aging.  In  this  presen¬ 
tation,  measurements  have  been  carried  out  on 
long  and  short  transistors  In  order  to  test  the 
validity  of  SPICE.  Measurements  have  also  been 
carried  out  before  and  after  hot  carrier  stres¬ 
sing,  and  It  will  be  shown  that  the  capacitance 
characteristics  are  strongly  affected  by  this 
stressing. 

The  detailed  signal  path  Is  shown  In  figure 
(A).  The  measurement  system  Is  composed  of  an 
L.I.A  and  three  bias  sources  under  the  control 
of  an  Apple  IIE  microcomputer.  An  I-V  converter 
transforms  the  ac  current  signal  Into  an  ampli¬ 
fied  ac  voltage.  The  frequency  of  the  Input  si¬ 


gnal  Is  10  KHZ  and  the  amplitude  Is  10  mv  rms. 
The  resolution  of  the  system  Is  In  the  atto  fa¬ 
rad  (IE-18  farad)  range.  The  accuracy  Is  less 
than  four  percent  for  the  range  5  femtoFarad 
(5E-15  Farad). 


The  figure  (B)  shows  the  variation  on  the 
overlap  capacitor  versus  VDS  and  VGS  of  a  stan¬ 
dard  test  MOSFET  with  channel  length  and  width 
of  1.5  micron  and  10  micron  respectively  and 
an  oxide  thickness  of  280  A.  The  Y-axis  of  the 
graph  represent  a  capacitor  variation  of  1  fF. 
The  smallest  difference  between  two  adjacent 
points  Is  25  aF.  These  curves  are  characte¬ 
ristic  of  the  moving  of  the  depletion  edge  of 
the  P-N  Jonctlon  on  the  drain  side  near  the 
SI02  Interface  with  the  electric  field. 
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The  figure  (C),  (D)  show  the  Cgs  and  Cgd 
capacitor  of  N  channel  transistors.  The  geome¬ 
tries  of  these  device  are  10/10  and  50/1.5 
For  comparison.  SPICE  simulation  results  are 
shown  In  figure  (E).  The  long  channel  MOSFETs 
are  well  modellzed  but  the  short  is  not, 
because  SPICE  doesn't  Include  two-dlmenslon- 
nal  effects  which  are  characteristic  of  the 
differences  observed  between  long  and  short 
In  saturation  and  depletion  (region  1  and  11 
In  the  figure)  ;  (2),  (3). 
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FIGURE  E 


The  figure  (F)  shows  the  measured  values 
of  Cgd  for  a  short  and  narrow  channel  transis¬ 
tor  (W/L  -5/2).  The  oxide  thickness  Is  390  A. 

Ue  can  observe.  In  comparison  with  an  long  and 
large  transistor,  the  effect  of  the  increasing 
of  the  electric  field  which  Is  responsible  of 
the  velocity  saturation  effect,  (4),  characte¬ 
rized  by  the  weakening  of  the  gradient  of  the 
curve  for  high  VOS  and  VGS.  Despite  the  fact 
that  the  SPICE  model  Is  not  representative  of 
the  small  transistor  (L  <  2.5  micron).  It  never¬ 
theless  gives  the  worst  case  and  Is  thus  not 
critical  from  the  circuit  designer's  point  of 
view. 


We  have  used  this  system  to  confirm  the  as¬ 
sumption  that  the  charge  du  to  hot  carrier  Is 
localized  near  the  edge  of  the  drain  jonctlon. 
Figure  (G)  and  (H)  shows  the  curves  Cgs  and  Cgd 
before  and  after  aging.  The  comparison  of  these 
curves,  Cgs  and  Cgd,  before  and  after  stressing 
shows  outstanding  events  In  the  desertion  and 
saturation  region  (I  and  II  on  he  curves). 

We  note  a  difference  between  the  curves  ob¬ 
tained  before  and  after  aging  In  the  desertion 
region.  After  aging,  for  a  given  Vgs  (Vgs  <  0) 
the  capacitor  Cgs  versus  VDS  Is  Increased  and 
Cgd  versus  VOS  Is  decreased  due  to  the  shell - 
ding  of  the  transversal  field  near  the  drain 
region  by  the  localized  charge  which  results  In 
a  better  coupling  between  source  and  gate  and  a 
weakened  coupling  between  drain  and  gate. 

This  assumption  Is  confirmed  in  the  satura¬ 
tion  region  both  for  Cgs  and  Cgd.  For  small  VDS, 
the  curves  before  and  after  aging  are  similar. 
For  high  drain  bias,  the  value  of  the  gradient 
of  Cgs  capacitance  versus  Vgs  Is  Increased  while 
Cgd  Is  lowered.  In  this  state,  the  gradient  Is 
characteristic  of  the  velocity  of  the  carrier  in 
the  channel  and  therefore  the  value  of  the 
transversal  field.  The  variation  of  the  gradient 
for  these  two  curves  shows  that  the  parallel 
surface  component  of  the  field  Is  decreased  (4) 
and  the  fact  that  this  variation  Is  positive  for 
Cgs  and  negative  for  Cgd  shows  that  the  field  Is 
modified  only  near  the  drain  region. 
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This  paper  presents  the  piezoresistance  effect  of  n-inversion  layers  in  the  hot-electron 
regime.  The  measurements  were  performed  on  short-channel  n-MOSFETS  both  at  77  and  300K. 
From  the  experimental  data  clear  evidence  is  obtained  for  different  saturation  velocities 
of  electrons  in  Si  depending  on  the  occupation  of  the  subbands.  Including  this  effect  good 
agreement  between  theory  and  experiment  mainly  at  300K  is  achieved. 


1.  INTRODUCTION 

Nowadays  hot-electron  effects  play  an  impor¬ 
tant  role  in  VLSI-devices.  Because  of  their  ne¬ 
gative  influence  on  transistor  operation  they 
are  the  object  of  extended  research  activities 
(1) .  In  the  present  paper  we  use  piezoresistan¬ 
ce  effect  (PE)  measurements  on  short-channel 
MOSFETS  to  study  their  features.  The  PE  is  cau¬ 
sed  by  a  repopulation  of  electrons  among  the 
subband  levels  of  the  different  valleys  under  a 
uniaxial  stress  (2) .  Since  the  PE  enables  us 
to  get  information  about  the  electrons  in  the 
different  valleys  and  to  study  quantum  pheno¬ 
mena  of  the  inversion  layer  it  is  a  promising 
tool  especially  in  the  hot-electron  regime. 

2.  THEORY 

In  the  theory  of  the  PE  the  hot-electron  ef¬ 
fects  like  velocity  saturation  end  electron 
temperature  ere  included.  Here  also  the  inhomo¬ 
geneous  electric  field  distribution  within  the 
transistor  is  incorporated.  For  the  subband 
quantization  of  the  n-inveraion  layer  we  used 
the  triangular  potential  wall  approximation, 
where  the  subband  levels  as  a  function  of  the 
electric  surface  field  can  be  expressed  analy- 


FIGURE  1:  Diagram  of  constant  energy  surfaces 
in  k-space  for  n-Si,  the  experimentally  used 
directions  of  the  surface  field  E  in  (001) ,  of 
the  uniaxial  stress  P  in  (100)  ana  current  j  in 
(110)  are  also  given 

tically  (3).  The  appropiate  equations  for  the 
PE  are  listened  in  (4,5). 

If  we  apply  an  uniaxial  mechanical  stress 
which  is  accompanied  by  an  energy  shift  among 
the  six  conduction  band  valleys  we  get  a  repo¬ 
pulation  of  the  electrons  between  the  different 
valleys.  Because  of  the  different  conductivity 
masses  for  the  subbends,  the  electrons  undergo 
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a  mobility  change  during  the  repopulation  and 
consequently  the  total  mobility  of  the  inver¬ 
sion  layer  changes.  For  a  tension  stress  p  in 
the  experimental  PE-configuration,  see  Fig.i, 
the  valleys  1  and  4  will  be  lifted,  while  the 
other  four  valleys  2,3,5  and  6  will  be  lowered. 
Considering  the  conductivity  masses  of  the 
valleys  for  an  electric  current  j  in  (110)- 
direction  the  total  mobility  will  be  enhanced. 
The  magnitude  of  the  PE  in  quantizised 
inversion  layers  depends  on  the  subband 
spacings  and  on  the  mobility  differences 
between  the  subbands,  as  well  as  on  the 
electron  temperature.  Therefore  we  can  expect  a 
gate  and  drain  voltage  dependence  of  the  PE  in 
short-channel  MOSFETS. 

3.  EXPERIMENTAL 

The  measurements  were  performed  on  short- 
channel  MOSFETS  with  channel  lengths  ranging 
from  1  to  30p.  By  sawing  probe  stripes  from  the 
wafer,  fixing  one  end  and  bending  the  other  end 
up  or  down  we  were  able  to  apply  an  uniaxial 
mechanical  stress  to  the  transistor.  With  the 
knowledge  of  the  amount  of  the  bending  and  the 
geometrical  dimensions  the  corresponding 
uniaxial  stress  can  be  calculated  (6) .  For  the 
probe  orientation  see  Fig.i. 

4.  RESULTS  AND  DISCUSSION 
4.1.  300K-Results 

Fig. 2a, b  shows  the  gate  and  drain  voltage 
dependence  of  the  PE  at  30QK.  From  the  low- 
field  (Vd  =.1V)  to  the  high-field  regime  (Vd 
>2 V)  we  see  a  remarkable  decrease  of  the 
experimental  PE  curves.  This  can  be  attributed 
pre-dominantly  to  the  decreasing  mobility 
differences  of  the  electrons  in  the  different 
valleys  with  increasing  lateral  electric  field. 
The  theoretical  PE  curves  are  in  very 
satisfactory  agreement  with  the  experiment,  see 
also  Fig. 2a, b.  For  the  ohmic  mobility  we  used  a 
three  subband  model  of  Moore  and  Ferry  (7).  The 


FIGURE  2:  Experimental  and  theoretical  gate 
voltage  Vg  (a)  and  drain  voltage  Vd  (b) 
dependence  of  the  PE  coefficient  ir  for  a  lp 
transistor  at  T=300K 

fitted  values  for  the  hot-electron  parameters 
are  in  good  agreement  with  the  literature 
(4,5). 

4.2.  77K-Results 

Fig. 3a, b  demonstrate  the  gate  and  drain 
voltage  dependence  of  the  PE  at  liquid  nitrogen 
temperature.  Here  we  see  a  much  faster  decrease 
of  the  PE  with  increasing  drain  voltage  than  at 
room  temperature.  This  is  a  consequence  of  the 
fact  that  at  77K  the  ohmic  mobility  is  several 
times  larger  than  at  300K  and  therefore  the 
velocity  saturation  sets  in  at  smaller  electric 
fields.  By  looking  to  the  drain  voltage 
dependence,  we  see  surprisingly  a  saturation 
behaviour  of  the  PE  at  high  drain  voltages. 
Since  in  the  corresponding  electric  field 
regime  the  electrons  have  reached  the 
saturation  velocity,  the  theory  would  predict 
here  a  vanishing  PE,  if  the  saturation  velo- 
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FIGURE  3:  Experimental  and  theoretical  Vg  (a) 
and  Vd  (b)  dependence  of  at  T=77K 

city  vs  is  a  constant  for  all  valleys,  see 
Fig. 3b.  Because  this  is  in  clear  contradiction 
to  the  experiment,  we  can  deduce  different 
saturation  velocities  for  the  electrons  in  the 
different  valleys. 

A  model  of  Shockley  (8)  gives  a  possible 

explanation,  which  describes  a  concuctivity 

mass  dependence  of  vg.  Within  this  model  the 

electrons  can  reach  saturation  velocities  from 
6  7-1 

5*10  to  1.2*10  cmsec  varying  with  subband 
population.  Based  on  this  model  the 
corresponding  theoretical  PE  curves  give  an 
outstanding  agreement  with  the  experiment  both 
at  77  and  300K,  see  Fig. 2a, b  and  3b. 


5.  CONCLUSIONS 

It  was  demonstrated  that  the  PE  is  a 
powerful  tool  for  studying  hot  electrons  in 
short-channel  MOSFETS.  With  the  help  of  the  PE 
we  have  shown  convincingly  for  tho  first  time 
that  the  value  of  the  saturation  velocity  for 
electrons  in  silicon  is  not  a  constant  as 
usually  assumed.  It  depends  on  the  population 
of  the  subbands,  i.e.  in  particular  on  the 
doping  of  the  Si  substrate,  the  gate  voltage 
and  temperature  of  the  electrons  in  the  hot- 
electron  regime.  This  circumstance  has  to  be 
considered  in  the  simulation  program  of  small 
size  MOSFETS. 
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There  has  been  considerable  interest  in 
perseablehaie  transistors  (PBTs)  for  use  in 
high-speed  circuits.  A  gain  of  lldB  at  40  GHz 
has  been  reported  /l/.  An  important  future 
application  could  be  the  three-dimensional 
integration  by  stacking  several  devices  on  top 
of  each  other.  PBTs  consist  of  a  base-grating 
embedded  in  semiconducting  material.  Using  MBE 
the  base  metal  or  sillclde  may  be  harried 
under  an  epitaxial  layer.  In  this  paper  how¬ 
ever  we  present  etched-groove  silicon  PBTs 
that  have  been  patterned  with  reactive  ion 
etching.  This  approach  reduces  input  capa¬ 
citances  but  has  the  disadvantage  of  non- 
planar  surfaces. 

Starting  smterial  are  (100) -1  aOhmcrn  n+ 
substrates  with  a  2pm  thick,  4x10*®  cm " ^  n- 
epllayer  grown  by  LPVPE  at  820*C.  The  top  100 
na  are  n+  doped  for  good  ohmic  contacts  to  the 
TIPtAuPt  source-metallisation  which  is 
patterend  by  lift-off.  The  metal  acts  as  a 
mask  in  the  subsequent  RIR  where  0.7pm  silicon 
are  removed  in  an  SFg  plasma  resulting  in  a 
slight  undercut.  This  is  neccessary  to  form  a 
discontinuous  metal  film  during  the  following 
100  na  Pt  gate  metallisation.  Finally,  the 
surface  is  planarized  with  FIX- 1400  polylalde, 


a  part  of  which  is  removed  in  a  carefully 
controlled  subsequent  Oj  plasma  etch.  The  top 
side  contacts  are  thus  revealed  (as  can  be 
seen  in  Flg.l)  and  reinforced  with  an  additio¬ 
nal  Au-pad.  A  AuSb  metallisation  on  the  back 
side  of  the  wafers  forms  the  drain  contact. 


Fig.l:  Polyimide- covered  PBT  with  revealed  top 
contacts 
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A  sari m  of  PBTs  has  bean  fabricaCed  with 
varying  channel  width  (0.5/a  -  2.0/tw),  groove 
depth  (0.2 im  -  1.5/ia)  and  device  length  (50/m 
-  4000/m).  Dual-gate  transistors  for  mixer 
applications  have  also  been  built  /2/.  In  the 
■icrograph  of  Fig. 2  two  PBTs  (1/m  and  1.5/m 
channel  size)  can  be  seen. 

Threshold  voltages  vary  between  -0.5V  and 
-7V.  The  gate  Schottfcy  diodes  have  ideality 
factors  less  than  1.1  and  breakdown  occurs  at 
about  -10V.  Fig. 3  shows  the  typical  IV -charac¬ 
teristics  of  a  0.5/m-PBT.  The  maximum  obtained 
transconductance  Is  62  aS/ma,  the  highest 
value  ever  reported  for  SI  PBTs.  This  Is 
achieved  by  the  optlaized  n+n"n+  epllayer 
structure  that  permits  very  low  source,  drain 
and  contact  resistances.  For  the  sane  reason 
there  la  almost  no  change  in  the  IV-curves 
when  the  top  contact  Is  used  as  drain. 

PBTs  suffer  from  a  large  output  conductance 
as  a  result  of  drain  voltage  influence  on 
drain  current.  Presently  two-dimensional  nume¬ 
rical  simulations  are  beelng  performed  to 
evaluate  the  Influence  of  different  gate  con¬ 
figurations  on  the  output  conductance.  *F 
measurements  are  presently  performed  on  large - 
area  PBTs  (channel  length  1000/m  to  4000/m) 
with  low  Impedance  adjusted  to  50  Ohm  mlcro- 
■ triplines . 

RKFKRKHCES 

/l/  I.Actla  et  ml.,  IKKK  Vol.KDL-8,  Ho. 2,  66, 
1987 

/2/  A.Cruhle,  L.Vescan,  H. Bene king,  Klectr. 
Lett.,  Vol.23,  Mo. 9,  447,  1987 


Fig.  2:  Micrograph  of  two  PBTs.  Gate  pad  size 
is  60 /m  z  30/m. 


Fig. 3:  Typical  IV-characteristic  of  a  60/mlong 
PBT.  Gate  offset  is  +0.5V. 
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PREDICTION  OF  SOFT  ERROR  RATE  OF  4  Mbit  DRAM 


W.H.  Krautschneider  and  w.  Meyberg 
Siemens  AG,  Central  Research  and  Development 
Otto-Hahn-Ring  6,  D-8000  Munich  83,  FRG 


A  method  has  been  developed  for  estimation  of  soft  error  rate  of 
memory  chips.  At  special  test  structures  which  are  as  simply 
designed  as  possibly  the  charge  collection  induced  by  alpha 
strikes  is  measured.  From  these  data  the  soft  error  rate  can  be 
calculated . 


1.  INTRODUCTION 

Soft  errors  caused  by  alpha 
particle  impacts  are  a  major  concern 
for  the  reliability  of  dynamic 
memories .  For  that  reason  it  is 
important  to  have  means  for  predicting 
the  soft  error  rate  as  a  function  of 
process  parameters  in  an  early  stage 
of  the  design  of  dynamic  memories. 

The  method  proposed  is  based  on  charge 
collection  measurements  taken  at  test 
structures  equivalent  to  cell  and 
bitline  nodes  but  without  access 
transistor,  as  memory  operation  is  not 
required  for  charge  collection 
experiments.  Since  these  test 
structures  require  less  process  steps 
the  alpha  particle  sensitivity  can  be 
determined  some  time  before  fully 
functional  memory  chips  are  available. 

Dynamic  memories  of  the  4  K 
generation  use  trench  cells  for 
achieving  the  necessary  cell 
capacitance  on  a  scaled  down  area. 
Adjacent  trench  cells  can  be 
ahortcircuited  by  alpha  tracks  [1]. 
This  effect  has  been  experimentally 
verified  and  also  taken  into 
consideration  for  soft  error  rate 
prediction . 


2 .  MEASUREMENT  OF  COLLECTED  CHARGE 
INDUCED  BY  ALPHA  PARTICLE  STRIKES 

An  alpha  particle  striking  silicon 
generates  electron-hole  pairs  along 
its  track  which  are  partly  collected 
from  the  storage  cell  by  carrier  drift 
[2,3]  and  diffusion  [4,5]. 

The  basic  measurement  setup  to 
determine  the  charge  which  is 
transferred  when  an  alpha  particle 
hits  the  device  shows  Fig.  1.  An 
active  probe  tracks  the  voltage  swing 
Um(t)  at  the  node  under  test  which  was 
biased  to  5  v  by  a  voltage  divider 
which  is  dimensioned  that  its  time 
constant  is  much  longer  than  the 
duration  of  the  alpha  signal.  The 
signal  is  preamplified  and  digitized 
by  a  fast  analog-digital  converter. 


Fig.  1  Basic  measurement  setup 
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The  digitised  signal  is  stored  and 
processed  using  a  desktop  calculator 
which  first  checks  the  input  signal 
for  error  recognition  and  suppression. 
Then  the  digitised  input  signal  D»(t) 
is  integrated  to  determine  the 
transferred  charge 

to 

0-  -  / Um(t)/R  dt 
0 

The  wiring  of  the  test  structures  is 
arranged  in  such  an  order  that  only 
cells  with  a  distance  of  about  30  jm 
from  each  other  are  contacted.  Thus 
the  charge  spreading  over  to 
neighbouring  test  structures  can  be 
neglected  and  the  charge  transferred 
to  just  one  node  is  measured. 

When  due  to  the  necessary  contact  the 
area  of  the  cell  test  structure  is  a 
bit  larger  than  the  actual  cell  node 
some  corrections  have  to  be  made. 
Numerical  calculations  show  that  the 
charge  collected  by  diffusion  is 
proportional  to  the  square  root  of  the 
collection  area  at  small  structures 
[5].  Interpolation  between  the  charge 
collected  by  cell  and  bitline  test 
structures  yields  for  the  corrected 
cell  node  charge 

Qaor  ■  (/Ao  "  /Atol)/ (^Ao*  *  /AblJ* 


" 0 "  [ 1 ] .  To  measure  the  charge 
transfer  between  trench  cells  test 
structures  were  used  consisting  of  two 
grids  of  diffusion  areas  with 
trenches .  Double  strikes  cause  a 
current  flow  between  the  affected 
trench  cells  that  leads  to  a  positive 
voltage  drop  across  the  resistor  Ra 
(Pig.  2)  from  which  the  additionally 
collected  charge  can  be  determined. 
This  charge  has  to  be  multiplied  by 
the  probability  that  a  double  strike 
occurs,  which  can  be  obtained  from 
geometrical  calculations,  and  added  to 
the  charge  collected  by  the  cell  test 
structi^re. 

A  100  nC  radium  source  has  been  used 
for  irradiation. 


Fig.  2  Measurement  setup  for 
determination  of  additionally 
collected  charge  when  an  alpha 
particle  traverses  two 
adjacent  trench  cells 


*(Qo«  -  Q»»i)  +  Q*»x 

The  subscripts  of  the  area  A  and 
charge  Q  -  c,  bl,  and  ct  -  denote  the 
cell,  bitline,  and  cell  test 
structure,  respectively. 

Trench  cells  collect  additional  charge 
when  alpha  particles  traverse  two 
adjacent  cells  with  one  of  the  cells 
in  state  "l"  and  the  other  in  state 


3.  DETERMINATION  OP  CHARGE  TRANSFER 
FUNCTION 

From  numerous  measurements  the 

distribution  of  the  transferred 

charges  N(Q)  is  obtained.  Subsequent 

summation  and  normalization  gives  the 

distribution  function  F ( Q )  of  charge 

collection  . 

x  n 

MQ*)  -  yV(Qi.)  /jjrVtQi.)  kin 

i-1  i-1 
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with  the  total  number  of  alpha  events 
n. 

Completion  and  rearranging  leads  to 
the  equation 


y  Nx(Qx)  /  ^Ni.(Qx)  -  1  -  Fk{Q*) 
i«*+l  1=1 

-  PjCH-i  (Qk<-1  )  B  P(Q) 


The  function  P(Q)  describes  the 
probability  for  the  occurence  of  an 
alpha  strike  that  tranfers  a  charge  Q 
to  the  test  structure  which  is  larger 
than  or  equal  to  Setting  Q  equal 
to  the  critical  charge  Q„  which  is 
required  for  a  reliable  operation  of 
the  memory  cell  the  function  P(Q) 
gives  the  probability  that  an  alpha 
strike  causes  a  soft  error  (Fig-  3). 


Pig.  3  Soft-error  probability 
function  for  alpha  particles 
exceeding  a  charge  threshold 
a)  trench  cell,  b)  bitline 


4.  CALCULATION  OF  SOFT  ERROR  RATE 

Following  May  and  Woods  [6]  the 
soft  error  rate  (SER)  of  memory  chips 
is  proportional  to  the  product  of  the 
area  which  is  sensitive  to  alpha 
particles  and  the  alpha  flux  *- 

(1)  SER  -  A»**— 

Ao  denotes  the  horizontal  projection 
of  the  pn- junction  space  charge  area. 
Proportionality  factor  is  the 
sensitivity  factor  S  of  the  circuit 
under  test.  It  is  defined 

(2)  S  -  ^J(Bx)*N(Ei) 

The  function  P(Ex)  describes  the 
probability  that  an  alpha  particle  of 
the  energy  Ex  causes  a  soft  error  and 
N(Ex)  is  the  energetic  frequency 

distribution.  Since  the  physical 
reason  for  the  occurence  of  a  soft 

error  is  the  collection  of  charge 

which  exceeds  the  critical  charge,  the 
product  P(Ex ) *N(Ex )  can  be  replaced  by 
the  charge  transfer  function  P{Q) 
which  can  be  obtained  with  much  less 
effort  than  P(Ex)  and  N(Ex). 

Inevitable  fluctuations  in  transistor 
geometry  and  technology  can  lead  to 
different  threshold  voltages  of  the 
sense  amplifier  transistors.  This 

threshold  voltage  difference  AVt 
reduces  the  critical  charge  of  the 
storage  cell  for 

(3)  AQo  -  (Co  +  C»,x)*AVt 

which  causes  an  increase  in  the  soft 
error  rate.  At  pairs  of  MOS 
transistors  which  were  equivalent  to 
the  sense  amplifier  transistors  the 
probability  density  of  the  threshold 
voltage  difference  g  £Vt  has  been  de¬ 
termined  . 

Using  eqn.  (1)  to  (3)  yields 
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SBR(Qo)  -  yWt* ) **MQ«-AQ- . «• ) 

i-1 

ImmM 

+  0 . 5*A»x*s  y~gAVt*-*P»i(Qo  -AQ°  .  *• ) 

i-1 


5.  CONCLUSION 

The  charge  collected  by  trench 
cells  induced  by  alpha  particle 
strikes  including  the. charge  transfer, 
when  an  alpha  particle  shortcircuits 
two  adjacent  trenches,  has  been 
measured  and  evaluated.  The  data  are 
helpful  for  a  cell  design  to  meet  the 
required  standard  of  soft  error  rate. 


with  the  sensitive  area  of  the  cell 
node  Ao  and  bitline  node  and  the 
number  of  nodes  N.  The  factor  s  stands 
for'  the  quotient  of  the  tine  during 
which  the  node  is  floating  to  cycle 
time  multiplied  by  the  fraction  of 
active  nodes  to  the  total  number  of 
nodes.  For  the  bitlines  it  has  to  be 
taken  into  account  using  a  factor  0.5 
that  either  the  bitline  or  the 
reference  bitline  is  sensitive  to 
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alpha  strikes. 

Fig.  4  shows  the  soft  error  rata  in 
dependence  on  the  critical  charge. 


Fig.  4  8ER  in  FIT  (soft  errors  in 
10s  hours)  as  a  function  of  critical 
charge  at  an  alpha  flux  of  1000 
particles/ (cma*10#h) 
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THE  EFfECT  OF  THE  PROXIMITY  OF  THE  BIRO'S  BEAK  ON  AGING  OF  THE 
THIN  OXIOE  BY  HIGH  FIELO  CURRENT  STRESS 

by  J.-C.  MARCHETAUX,  8.  DOYLE  and  A.  BOUDOU 

BULL  S.A.,  Ave  Jean-Jaures,  78340  Les  Clayes  sous  Bols,  FRANCE. 


1.  INTRODUCTION 

The  quest  for  a  greater  Integration  In  VLSI 
circuits  has  lead  to  a  diminution  not  only  of 
the  length  of  MOS  channel  with  Its  inherent 
problems  (hot  electrons,  etc...),  but  also  of 
the  width.  It  Is  thus  very  Important  to  know 
the  quality  of  the  transition  (bird's  beak) 
zone  between  thick  and  thin  oxides  and  Its 
Influence  on  the  quality  of  the  neighbouring 
thin  oxide. 

Me  have  shown  [1]  that  during  the  VLSI 
fabrication  process,  the  growth  of  the  field 
oxide  Induces  a  large  quantity  of  active 
Interface  states  close  to  the  active  thin  oxide 
zone  under  the  bird's  beak  region  (BB  region). 

In  this  presentation  we  show  that  as  well  as 
above,  the  proximity  of  the  BB  zone  Induces  a 
dramatic  accelerating  aging  on  the  active  thin 
oxide  zone  when  subjected  to  high  field  current 
stress. 

2.  EXPERIMENTAL 

2.1.  Samples 

To  do  this  we  compare  the  aging  of  two 
capacitor  structures:  a  thin  oxide  (standard) 
capacitor  and  a  capacitor  with  a  maximized 
perimeter/surface  ratio  (BB  capacitor).  For  the 
latter  the  maximization  Is  obtained  by  the 
parallel  connection  of  6400  cells  of  10*10  pm2, 
each  of  these  cells  consisted  of  a  square  of 
thin  oxide  of  dimensions  5*5  pm2  surrounded  by 
the  field  oxide. 

The  samples  used  came  from  a  2  micron  NMOS 
process  with  a  dry  gate  oxide  of  270  A  and  400 
A  thlchnesses,  a  P-type  substrate  and  without 
threshold  Implant.  The  BB  zone  derives  from  a 


standard  LOCOS  process. 

2.2.  Aging  and  characterization  systems 

The  samples  are  aged  by  electron  Injection 
In  the  Fowler-Nordhelm  regime  (FN  Injection), 
from  the  gate  to  the  SI  02/SI  substrate 
Interface  (  negative  gate  voltages)  and  In  the 
constant  current  mode.  In  the  BB  structure.  In 
spite  of  the  changing  oxide  thicknesses,  the 
Injection  Is  localized  to  the  gate  oxide  l.e. 
to  the  point  of  thinnest  oxide.  Thus,  any 
observed  difference  between  this  test  structure 
and  the  standard  structure  stressed  In  the  same 
Injection  density  conditions  will  have  been  due 
to  the  bird's  beak  Influence  on  the  thin  oxide 
zone  and  not  to  damages  created  In  the  thicker 
oxide  of  the  BB  region. 

The  characterization  is  carried  out  by 
the  quasi  static  C-V  method.  The  modification  of 
the  method  to  be  able  to  be  applied  to  BB 
capacitors  which  have  various  oxide  thicknesses 
and  dopings  Is  described.  In  detail  elsewhere 
[1].  To  make  the  comparison  between  the  two 
types  of  capacitor,  at  each  characterization  of 
BB  samples,  the  field  and  BB  capacitive 
components  are  removed  by  computation.  For 
this  the  assumption  is  made  that  these  two 
components  are  not  modified  by  the  various 
Injections.  This  quite  reasonable  because  the 
FN  Injection  is  localized  to  the  gate  oxide. 

3.  RESULTS 

3.1.  Aging 

The  curves  of  the  evolution  of  the  injection 
voltage  as  a  function  of  time. are  given  In 
Figures  2  (270  A)  and  3  (400  A).  While  the 
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standard  capacitor  curves  are  nearly  horizontal 
we  observe  for  the  BB  structure  an  Important 
modification  of  the  curves:  at  the  beginning 
there  Is  a  clear  compensation  of  the  positive 
charges  by  electron  trapping  (  A  V1nj<0)  which 
Is  then  rapidly  compensated  then  exceeded  by  a 
large  generation  of  additional  positive  charges 
(  A  VinjX)).  Moreover  there  is  a  much  larger 
divergence  between  the  different  aging  curves 
for  the  BB  than  for  the  standard  sanples. 
These  two  differences  show  that  the  proximity 
of  the  BB  region  Induces  a  larger  hole  trap 
density  In  the  region  near  the  gate  Injecting 
electrode.  This  suggests  that  the  centroid  of 
trapped  charge  Is  closer  to  the  gate  in  the 
270  A  case  than  In  the  400  A  case. 

For  the  quasistatic  C-V  measurements,  using 
the  intermediate  step  described  in  2.2.  for  BB 
samples,  we  obtain  the  profile  of  the  Interface 
state  density  (Nss).  The  results  are  given  In 
figure  4  (standard)  and  5  (BB)  for  270  A. 
Similar  results  are  obtained  for  400  A.  We 
observe  the  presence  of  a  peak  generally 
related  to  dangling  bonds  of  trl valent  SI  atoms 
[2].  In  our  case,  the  position  In  the  forbidden 
gap  of  these  states  Is  about  E-Ev»0.6  eV  for 
the  two  structures. 

On  comparing  the  magnitude  of  Nss,  we  see 
that  ,  In  the  case  of  the  BB  samples,  this 
magnitude  Is  about  5  to  10  times  larger  than 
the  standard  structure  one.  This  holds  for  the 
peak  at  0.6  eV  as  well  as  for  the  background 
trap  density. 

Thus,  It  Is  clear  that  the  proximity  of  the 
BB  region,  although  not  modifying  qualitatively 
the  type  of  Interface  traps  generated  under  FN 
Injection,  Induces  In  the  active  zone  of  the 
device  a  dramatic  acceleration  of  the  Interface 
trap  generation. 

Figures  5  and  6  represent  the  variation  of 
the  flat-band  voltage  as  a  function  of  the 
Injection  dose,  determined  from  the  quasistatic 
measures.  While  the  standard  sample  curve  has 
the  saturated  behaviour  at  high  Q1nj  well  known 
for  this  type  of  aging  and  for  these 


thicknesses  (>250  A)[3],  for  BB  structure  a  non 
saturated  behaviour  Is  clearly  seen:  nearly 
linear  for  400  A  and  a  saturation  followed  by  a 
Increase  for  270  A.  This  allows  us  to  suppose 
that  there  is  a  continuous  generation  of  hole 
traps  during  the  FN  Injection  as  Is  seen  for 
the  very  thin  oxide  thicknesses  (<100  A)  [4]. 

3.2.  Relaxation 

We  have  compared  the  relaxation  of  the  two 
kinds  of  structures  after  they  have  been 
submitted  to  a  high  FN  Injection  (Nfnj=lE17  cm- 
2  and  J^js-5E-5  A/cm  ). 

Figures  7  and  8  show  this  time  evolution  of 
Nss.  We  see  Immediately  that,  while  there  Is  a 
slightly  annealing  of  the  Nss  profile  for  the 
standard  sample,  there  is  a  progressive 
Increase  of  Nss  for  the  peak  at  0.6  eV  as  well 
as  for  the  defect  background.  The  evolution  In 
time  follows  an  A*tn  law,  with  n=0.23.  The  Nss 
can  be  seen  to  have  Increased  by  a  factor  of 
three  during  this  time. 

4.  CONCLUSION 

We  have  shown  that  during  a  FN  Injection, 
the  proximity  of  the  bird’s  beak  region  Induces 
a  dramatic  Increase  of  the  Interface  state 
density  In  the  active  gate  zone,  a  generation 
of  positive  charge  closer  to  Si02/gate 
Interface,  and  a  non-saturation  behaviour  of 
Vfb  variation.  Moreover,  In  place  of  an 
annealing,  the  relaxation  Is  characterized  by  a 
progressive  Increase  of  Nss  which  follows  time 
power  law  In  the  limit  of  time  taken. 

This  work  Is  supported  In  part  by  the  E.E.C. 
ESPRIT  (SPECTRE)  project,  N*  554. 
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FIG.  1  Injection  voltage  curves  at  constant 
current  density  Jinj.  Full  lines:  88  samples, 
dashed  lines:  standard  samples.  N^nj  Is  varied 
from  1E16  to  1.6E17  cm-2  In  the  direction  of 
the  arrows  (cf.  Fig.  5).  The  thickness  Is  270 
A. 


1  TIME  (Sec)  1000 


FIG.  2  Injection  voltages  curves  at  constant 
current  density  Jinj*  lines:  BB  samples, 
dashed  lines:  standard  samples.  Njnj  Is  varied 
from  1E16  to  1.9E17  cm-2  In  the  direction  of 
the  arrow  (cf.  Fig. 6).  The  thickness  Is  400  A. 
For  the  two  curves  at  the  bottom:  Jjnj*5E-5 
A/cm-  . 
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FIG.  3  Interface  state  density  profile  FIG.  4  Interface  state  density  profile 
obtained  from  quasistatic  C-V  measurements  obtained  from  quasistatic  C-V  measurements 
after  each  aging  (cf.  Flg.l  and  5  for  injection  after  each  aging  (cf.  F1g.2  and  6  for  Injection 
conditions)  for  the  standard  sample  of  .  270  A  conditions)  for  the  88  sample  of  270  A 
thickness.  thickness. 
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FIG.  5  Flat-band  voltage  curves  as  a  function 
of  Injection  dose.  Diamonds:  standard  sample; 
crosses:  BB  sample,  the  thickness  Is  270  A. 


FIG.  6  Flat-band  voltage  curves  as  a  function 
of  injection  dose.  Diamonds:  sandard  sample; 
crosses:  BB  sample.  The  thickness  is  400  A. 


Mss  (  F.  ) 


FIG.  7  Evolution  of  the  Interface  state 
density  (hiring  the  relaxation  of  the  standard 
sample  with  a  400  A  thickness.  Increasing  Is 
Indicated  by  the  arrow. 
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FIG.  8  Evolution  of  the  Interface  state 
density  during  the  relaxation  of  the  BB  sample 
with  a  400  A  thickness.  Increasing  time  Is 
Indicated  by  the  arrows. 
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SIMULATION  OF  STRESSED  N-  AND  P-CHANNEL  MOSFET'S: 

FIXED  OXIOE  CHARGES  AND  FAST  INTERFACE  STATES 
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Otto-Hahn-Ring  6,  8000  MOnchen  83,  FRG 


MOSFET's  stressed  at  high  drain  voltages  show  shifts  in  the  device  characteristics.  We 
study  the  effect  of  the  stress- induced  damaged  region  on  the  device  characteristics  for 
conventional  n-  and  p-channel  devices.  We  give  a  consistent  description  of  degradation 
effects  on  the  drain  current  in  the  subthreshold  and  the  pentode  region  of  the  MOSFET  as 
well  as  on  the  substrate  current.  In  that  way  it  is  possible  to  decide  between  several 
models  which  might  be  appealing  in  one  or  the  other  regime. 


INTRODUCTION 

Shrinking  device  dimensions  in  modern  VLSI 
circuits  leads  to  increasing  electric  fields. 
This  causes  considerable  shifts  in  the  device 
characteristics.  General  agreement  exists  that 
this  degradation  is  due  to  soma  localized  oxide 
charges  caused  by  hot  carrier  injection  in  the 
high  field  region.  Thus  we  compare  experimental 
data  with  results  obtained  with  a  2-d  device 
simulator  which  allows  for  charges  at  the  Si- 
Si02  interface. 


FIGURE  1 

Drain  current  vs.  drain  voltage  -  experiment; 
solid  lines  (pre-stress) ,  dashed  lines  (post¬ 
stress  normal) ;  dashed-dotted  lines  (post¬ 
stress  reverse);  stress  conditions:  V„=3V, 
u  -ou  <-  -cnnnn.  “ 


DEGRADATION  OF  N-CHANNEL  MOSFET's 

a)  Experimental  results: 

2pm-NM0S  n-channel  devices  with  a  gate  oxide 
thickness  of  42nm  and  conventional  arsenic 
source-drain  implantations  were  used.  In 
figures  1-4  we  show  the  different  features  for 

4 

a  typical  device  degradation  after  5x10  s  of 
stress  with  Vp=8V  and  VG=3V. 

b)  2-D  simulation: 

For  our  calculations  we  use  a  modified  ver¬ 
sion  of  the  2-D  device  simulator  MINIMOS  3/1/. 


FIGURE  2 

Drain-current  vs.  gate  voltage;  experiment: 
solid  line  (pre-stress) ,  dashed  line  (post¬ 
stress)  ;  simulated  dat8:  squares  (pre-stress), 
circles  (fast  interface  states) 
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FIGURE  3 

Normal  mode  subthreshold  current;  symbols 
defined  in  figure  2,  triangles  (simulation  with 
fixed  negative  oxide  charges) 

Our  investigation  takes  into  account  two 
different  effects  due  to  the  presence  of 
surface  charges  in  degraded  transistors: 

i)  The  potential  effect  -  Surface  charges 
change  the  electric  potential  in  the  adjacent 
channel  region. 

ii)  The  mobility  effect  -  Charges  localized 
at  the  SiO^/Si -interface  act  as  Coulomb 
centers,  thus  reducing  the  channel  mobility.  To 
zero  order,  the  approach  of  Sun  and  Plummer  /2/ 
is  used  here.  It  turns  out  that  for  the 
considered  gate  length  the  mobility  effect  is 
of  little  importants. 

The  filling  and  the  influence  of  the  local¬ 
ized  interface  states  is  calculated  in  our 
modified  version  of  MINIMOS  in  a  self-consist¬ 
ent  manner  because  the  surface  potential  is 
strongly  influenced  by  the  presence  of  surface 
charges.  To  this  end  a  density  of  states  for 
the  fast  interface  states  is  introduced.  For 
the  sake  of  simplicity  a  linearly  increasing 
function  between  midgap  and  the  band  edges  is 
used. 

A  first  attempt  to  fit  the  experimental 
results  simulating  fixed  negative  charges  alone 
shows  that  negative  charges  are  necessary  but 
their  amount  has  to  be  adjusted  for  different 


FIGURE  4 

Measured  substrate  current;  symbols  defined  in 
figure  1 


gate  voltages.  This  is  exactly  what  is  provided 
by  acceptor-type  fast  surface  states.  Figures 
2,  3,  5,  and  6  show  the  simulated  results 
including  fast  interface  states.  All  simulated 
currents  are  obtained  with  one  parameter  set. 
In  comparing  Fig.  1  and  5  we  see:  The  simula¬ 
tion  delivers  the  same  typical  asymmetry 
between  normal  and  reverse  mode  as  found  in 
experiment.  This  asymmetry  is  correlated  to  a 
strong  localization  of  the  damaged  region  near 
drain.  Fig.  6  shows  the  right  behavior  of  the 
simulated  bulk  current.  Normal  and  reverse  mode 
substrate  currents  are  shifted  into  opposite 
directions.  Only  negative  charges  (or 
negatively  charged  surface  states)  are  suited 
to  deliver  the  sign  of  this  shift  in 
simulation.  In  Fig.  2  and  3  the  excellent 
agreement  between  experimental  results  and 
simulated  data  using  fast  interface  states  is 
demonstrated,  the  triangles  in  Fig.  3  show  the 
failure  of  the  attempt  to  fit  the  measurements 
with  fixed  oxide  charges.  For  all  these 
calculations  the  charge  distribution  is  located 
in  a  region  of  lOOnm  before  the  drain  region. 
This  choice  of  position  and  spread  gives  the 
right  asymmetric  behaviour  for  normal  and  re¬ 
verse  mode  Ip  vs.  Vp  characteristics.  The 
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FIGURE  5 

Drain  current  vs.  drain  voltage  -  simulation; 
symbols  defined  in  figure  2,  rhombs  (post¬ 
stress  reverse) 


FIGURE  6 

Simulated  substrate  current;  symbols  defined  in 
figures  1  and  2 


overall  agreement  is  achieved  without  assuming 
additional  fixed  charges. 

DEGRADATION  OF  P-CHANNEL  MOSFET's 

a)  Experimental  results: 

lpm-CMOS  p-channel  devices  with  a  0.25pm 
wide  etched  spacer  were  used.  The  boron  source 
drain  implantation  was  done  after  the  spacer 
etching . 

Figures  7-9  show  the  shifts  in  device  cha¬ 
racteristics  after  exposition  to  a  stress  of 

Vrv=-8V  V_=-2 V,  which  is  the  voltage  condition 
U  o 

of  maximum  degradation,  for  15000  seconds.  To 
simplify  the  discussion  only  absolute  values  of 
currents  and  voltages  are  considered  in  the 
following. 

In  p-channel  devices  drain  currents  are 
increased  (Fig.  7)  and  the  subthreshold  curve 
is  shifted  to  smaller  gate  voltages  (Fig.  8) 
after  stress.  The  bulk  current  in  normal  mode 
operation  is  drastically  diminished  whereas  the 
reverse  mode  measurement  shows  an  increase 
(Fig.  9). 

b)  Discussion  of  the  results 

The  overall  increase  in  drain  current  and 
the  shift  of  the  subthreshold  current  to 
smaller  gate  voltages  suggests  the  existence  of 
negative  charges.  Thus  a  simulation  was 


performed  assuming  fixed  negative  charges  near 
dram.  Amount  and  position  of  the  oxide  charge 
was  fitted  to  the  experimental  data.  A  charge 
density  of  2x10  e/cm  within  a  spread  of  lOOnr 
delivers  good  agreement  between  experimental 
results  and  simulation.  The  strong  asymmetry  of 
the  bulk  current  between  normal  and  reverse 
mode  can  be  understood  as  follows: 


FIGURE  7 

Drain  current  vs.  drain  voltage  -  experiment; 
symbols  defined  in  figure  1;  stress  conditions: 


V- 


2 V,  V_=-8V,  t 


stress 


:  15000s 
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In  the  reverse  mode  operation  the  charges, 
now  near  source,  reduce  the  chennel  length, 
thus  increasing  the  potential  drop  at  the  drain 
side.  This  leeds  to  an  elevated  bulk  current. 
In  normal  mode,  the  oxide  charges  reduce  the 
electric  field  peak  near  drain,  impact 
ionization  and  henceforth  the  substrate  current 
are  diminished.  No  influence  of  fast  interface 
states  is  found  in  the  p-channel  device:  The 


FIGURE  8 

Measured  subthreshold  current:  symbols  defined 
in  figure  1 


effect  of  degradation  is  nearly  the  same  for 
different  (characterization)  gate  voltages. 

Negative  charges  in  the  gate  oxide  of  p- 
channel  transistors  are  not  contradictory .  A 
large  amount  of  electrons  is  generated  by 
impact  ionization  at  the  stress  bias.  A  con¬ 
nection  between  the  injection  of  these  elec¬ 
trons  into  the  oxide  and  the  degradation  of  the 
p-channel  device  should  exist.  This  is  backed 
by  the  fact  that  negative  gate  current  and  p- 
channel  degradation  show  a  similar  gate  voltage 
dependence  /3/,/4/. 

SUMMARY 

We  showed  a  comparison  between  experimental 
results  and  simulation  of  degraded  n-  and  p- 
channel  MOSFET's.  Throughout  this  investigation 
we  considered  conventional  devices  where  the 
damage  takes  place  near  drain  under  high  field 
stress  conditions.  In  n-channel  devices  degra¬ 
dation  can  be  explained  with  acceptor-type  fast 
interface  states  in  the  upper  half  of  the  Si- 
band  gap.  In  p-channel  devices  negative  fixed 
oxide  charges  can  explain  the  observed  data. 

A  more  detailed  analysis  will  be  presented 
in  a  forthcoming  publication  /5/. 
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FIGURE  9 

Measured  substrate  current;  symbols  defined  in 
figure  1 
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Simulations  of  aging  effects  in  MOS  transistors 
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1  Introduction 

The  study  of  the  effects  of  aging  on  MOS  transistors 
leads  to  the  identification  of  a  wide  set  of  phenomena 
affecting  the  electrical  characteristics  of  a  stressed  de¬ 
vice.  Degradation  of  transconductance  and  threshold 
voltage  are  commonly  regarded  as  the  most  impor¬ 
tant  effects,  and  several  mechanisms  have  been  pro¬ 
posed  for  their  interpretation;  the  common  statement 
of  the  models  is  in  any  case  that  hot  carrier  creation 
and  injection  into  the  gate  oxide  stays  at  the  origin 
of  any  observed  aging  degradation,  while  there  is  not 
agreement  about  the  way  it  acts  on  the  physical  status 
of  the  device  after  the  stress  [1,2,3].  The  purpose  of 
clarifying  the  description  of  the  aging  effects  has  been 
here  pursued  mainly  by  means  of  2-D  device  simula¬ 
tions,  that  allowed  the  analysis  both  of  stress  condi¬ 
tions  and  stressed  devices  operation;  the  comparison 
of  simulations  to  experimental  data  shows  that  the 
simple  location  of  fixed  charge  in  different  regions  of 
the  gate  oxide  is  able  to  reproduce  the  observed  device 
behaviors,  while  a  further  confirmation  of  the  valid¬ 
ity  of  this  approach  is  given  by  a  Fowler- Nordheim 
tunneling  experiment  in  which  charge  is  injected  and 
trapped  exclusively  in  the  overlap  region  between  gate 
and  drain. 

2  Simulations 

The  2-D  device  simulator  we  used  during  this  work  is 
the  Poisson  and  continuity  equations  solver  HFIELDS, 
developed  at  the  University  of  Bologna;  it  was  inserted 
in  a  simulation  environment  called  IDAS,  which  allows 
the  set  up  of  the  geometric  structures  needed  for  the 
simulations  and  the  extraction  of  the  results  by  means 
of  various  graphic  tools.  The  simulated  devices  were 
n-channel  and  p-channel  MOS  transistors,  with  gate 
length  from  1.25  pm  to  1.75  pm. 
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2.1  Simulation  of  the  stress  conditions 

The  identification  of  the  regions  in  which  injection 
takes  place  is  obviously  a  major  requirement  for  a  de¬ 
scription  of  aging  based  on  the  role  of  trapped  charge. 

For  each  sign  of  the  channel  three  stress  situations 
have  been  examined: 

•  A-  High  drain  and  high  gate 

•  B-  High  drain  and  low  gate 

•  C-  Low  drain  and  high  gate 

This  preliminary  work  has  led  to  the  identification 
of  two  possible  injection  regions,  in  which  the  sign  of 
trapped  charge  depends  on  applied  bias;  these  regions, 
that  will  be  in  the  following  referred  as  region  1  and 
region  2,  lie,  as  shown  in  fig.l,  over  the  terminal  zone 
of  the  channel  near  the  drain  diffusion  and  in  the  gate 
overlap  zone.  In  particular,  simulations  show  that  in 
the  bias  situation  A-  minority  carriers  can  be  injected 
in  retdon  2,  in  bias  case  B-  majority  carriers  can  be 
injected  in  region  f,  while  in  case  C-  minority  carriers 
can  be  injected  in  region  1.  The  terms  ’majority'  and 
’minority  carriers’  are  here  used  with  regard  to  the 
bulk  doping  type. 

Simulations  and  experiment  suggest  that,  for  given 
high  drain  voltage,  a  critical  gate  voltage  defines  the 
boundary  between  hole  and  electron  injection.  It  can 
be  seen  [4]  that  hole  injection  is  possible  only  with 
gate  polarization  much  lower  than  drain  voltage;  this 
gives  for  the  gate  critical  bias  a  value  just  above  the 
threshold  voltage.  It  should  be  pointed  out  that 
since  our  simulation  program  doesn’t  provide  at  present 
a  carrier  multiplication  model,  the  identified  regions 
are  to  be  considered  as  pouHlt  injection  regions,  as 
the  simulation  doesn’t  give  any  information  about  the 
energy  of  the  carriers  and  the  actual  multiplication 
rate,  but  it  only  reports  the  intensity  and  direction  of 
the  electric  field  vector. 
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2.2  Simulations  of  stressed  devices 


Simple  box-like  charge  distributions  have  been  local¬ 
ised  at  the  interface  between  gate  oxide  and  silicon, 
following  the  guide  lines  coming  from  previous  simula¬ 
tions.  Regions  1  and  2  have  been  given  a  spatial  extent 
of  0.1 5  pm  beyond  and  within  the  lateral  drain  junc¬ 
tion.  Three  fundamentally  different  behaviors  have 
been  observed,  depending  on  the  spatial  distribution 
and  on  the  sign  of  fixed  electric  charge:  they  can  be 
summarised  as  follows: 

•  Bias  case  A-:High  gate,  high  drain;  minority  car¬ 
rier  injection  in  region  2:  decrease  of  transcon¬ 
ductance. 

•  Bias  case  B-:Low  gate,  high  drain;  majority  car¬ 
rier  injection  in  region  1:  increase  in  transcon¬ 
ductance. 

•  Bias  case  C-:High  gate,  low  drain;  minority  car¬ 
rier  injection  in  region  1:  increase  in  threshold 
voltage. 

Figures  2,3,4  show  the  transfer  characteristics  for  an 
n-cbannel  transistor  before  and  after  stress  in  the  three 
situations  above  summarized. 
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Figure  1:  Schematic  structure  of  the  simulated  devices, 
with  indication  of  injection  regions  1  and  2 


Figure  2:  N- channel  transistor  transfer  characteristics  be¬ 
fore  and  after  stress  ;  negative  fixed  charge  in  region  2 
(4  •  lO^cm'*) 


Figure  3:  N-channel  transistor  transfer  characteristics  be¬ 
fore  and  after  stress  ;  positive  fixed  charge  in  region  1 
(4  •  X011cm_1) 


Figure  4:  N-channel  transistor  transfer  characteristics  be¬ 
fore  and  after  stress;  negative  fixed  charge  in  region  1 
(3  •  10ncro-*) 


3  Experimented 

Hot  carrier  atressing  waa  carried  out  on  1.5  pm  gate 
length,  25  pm  gate  width,  wet  gate  oxide  transistors. 
The  conditions  of  stressing  were  V§  =  5V, V*  =  9V. 
The  I4  -  Vt  curves  were  taken  after  fixed  times  on 
a  log  scale,  with  interval  A(iop(f))  =  0.1.  It  can  be 
seen  (fig. 5)  that  the  stressing  results  in  a  degradation 


of  gm,  the  transconductance,  but  that  the  degrada¬ 
tions  are  limited  to  gate  voltages  above  the  threshold 
voltage  -  that  is,  there  is  no  shift  in  threshold  volt¬ 
age.  Analogous  experiments,  whose  results  are  not 
pictured  here  owing  to  space  limitations,  have  been 
performed  under  different  stress  conditions  and  on  p- 
channel  devices,  showing  the  behavior  predicted  by 
simulations.  In  order  to  verify  the  localization  of 
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the  trapped  charge,  given  by  the  above  simulations, 
Fowler- N ordhei m  (F-N)  injection  measurements  were 
also  performed.  Here,  electrons  are  injected  from  the 
gate  to  the  drain  and  the  effect  of  this  injection  on 
the  Ij,  —  Vt,  characteristics  is  examined.  The  injec¬ 
tion  from  the  gate  is  performed  in  the  constant  cur¬ 
rent  mode,  and  in  order  to  localize  it  to  the  gate-drain 
overlap  region,  a  voltage  is  applied  to  the  drain  (10 
V)  with  the  source  grounded.  The  injection  thus  takes 
place  solely  between  the  gate  (biased  at  -20  V)  and  the 
drain,  as  the  potential  difference  is  here  of  the  order 
of  30  Volts.  In  this  configuration,  the  field  between 
gate  and  source,  or  gate  and  channel,  is  too  small  to 
result  in  F-N  injection. 

Figure  6  shows  the  result  of  this  stress  injection  on 
the  Ji  —  V,  characteristics.  Curve  a)  shows  the  char¬ 
acteristics  before  injection.  Curve  b)  was  obtained  by 
injecting  for  10  seconds  with  a  gate  current  of  50pA. 
It  can  be  seen  that  the  effect  is  to  cause  a  change  in 
the  transconductance,  but  at  gate  values  above  the 
threshold  voltage.  This  is  identical  to  the  simulation 
of  positive  charge  in  figure  3  and  indicates  that,  ini¬ 
tially,  holes  are  trapped  in  the  oxide.  For  longer  times 
(500  and  1000  seconds,  curves  c)  and  d)  respectively) 
and  higher  injection  levels  (500  pA)  the  It,  -  V,,  char- 
acteristics  can  be  seen  to  degrade,  but  once  again  only 
above  threshold  voltages.  Since  in  this  experiment 
we  control  the  spatial  distribution  of  injected  charge 
in  the  overlap  region,  we  can  compare  these  transfer 
characteristics  to  the  simulations  shown  in  fig.2,  con¬ 
cluding  that  charge  trapping  above  the  drain  in  the 
gate  oxide  confirms  experimentally  the  simulation  re¬ 
sults  for  an  analogous  charge  distribution,  that  are 
indeed  seen  in  real  stress  conditions. 

4  Discussion  and  conclusions 

From  a  qualitative  physical  point  of  view,  the  decrease 
of  transconductance  can  be  interpreted  as  the  effect  of 
a  thin  potential  barrier  near  the  drain  junction,  which 
limits  the  number  of  carriers  reaching  the  drain  itself 
(fig.7);  the  increase  of  transconductance  is  a  simple  ef¬ 
fect  of  channel  shortening,  due  to  the  strong  inversion 
of  a  region  of  the  channel,  that  operates  like  a  kind  of 

o 

drain  extension  (fig.8);  finally,  a  fixed  minority  charge 


Figure  5:  Experimental  transconductance  degradation  in 
stressed  n-channel  transistors 


Figure  6:  Degradation  induced  by  a  Fowler-Nordheim  tun¬ 
neling  experiment,  with  charge  injection  in  the  gate-drain 
overlap  region,  a)  unstressed  device,  b)  10  seconds-50  pA, 
c)  500  seconds-500pA,  d)  1000  seconds-500pA 

localization  over  an  extended  region  of  the  channel 
will  induce  a  channel-stop  zone,  preventing  carriers 
from  getting  to  the  drain  until  the  local  threshold  volt¬ 
age  of  the  stressed  region  has  been  reached  and  even 
that  part  of  the  channel  has  been  inverted  (fig.9). 

It  will  be  shown  elsewhere  [5]  that  it  is  possible  to 
state  a  semi-empirical  1-D  analytic  model,  giving  ac¬ 
count  for  these  and  other  aging  effects,  such  as  transcon¬ 
ductance  overshoots  and  distortions. 

The  simulation  of  localized  layers  of  fixed  charge 
in  different  regions  of  the  gate  oxide  seems  so  to  be 
able  to  reproduce  several  experimented  aging  effects; 
it  should  nevertheless  be  pointed  out  that  this  doesn’t 
exclude  the  existence  of  other  and  different  mecha¬ 
nisms,  such  as  mobility  degradation,  causing  modifi- 
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cation*  in  the  electrical  characteristics  of  a  stressed 
device.  What  here  is  shown  is  that  an  analysis  of  the 
simpler  effect  of  stressing,  that  is  hot  carrier  injection 
and  trapping  in  the  gate  oxide,  is  a  valid  tool  for  the 
identification  and  prevision  of  the  kind  of  degradation 
that  a  device  will  undergo  if  subjected  to  certain  stress 
conditions.  The  existence  and  effect  of  stress  induced 


Figure  T:  Potential  barrier  for  minority  carrier  injection  in 
region  2 .resulting  in  transconductance  decrease  (see  fig.2) 

fast  interface  states  are  presently  under  experimental 
and  theoretical  analysis,  and  significant  elements  have 
been  collected  in  this  field.  The  study  of  the  electric 
fields  into  the  device  can  also  give  significant  infor¬ 
mations  about  the  influence  of  device  geometry  and 
structure  (oxidation-induced  gate  bending,  LDD  dose 
and  extension,  etc.)  on  the  intensity  of  hot  carrier 
creation  and  injection  and,  as  a  consequence,  on  the 
importance  of  the  stress  effects. 


Figure  8:  Effect  of  majority  carrier  injection  in  region  1  on 
minority  carrier  concentration  in  the  channel,  resulting  in 
transconductance  increase  (see  fig. 3) 


Figure  9:  Potential  barrier  for  minority  carrier  injection  in 
region  1,  resulting  in  threshold  voltage  increase  (see  fig. 4) 
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Effects  of  gamma-radiation  in  Al-gate  and  Si-gate  CMOS  transistors  have  been  investi¬ 
gated  in  this  paper.  It  has  been  found  that,  besides  the  well-known  threshold  voltage 
instabilities,  radiation  causes  the  gain  factor  instabilities  as  well.  These  instabili¬ 
ties  of  CMOS  transistor  electrical  parameters  have  been  found  to  be  caused  by  signifi¬ 
cant  increase  of  positive  gate  oxide  charge  density  and  somewhat  smaller  increase  of 
interface  trap  density.  While  the  positive  gate  oxide  charge  increase  has  been  explai¬ 
ned  in  terms  of  the  broken  bond  model,  a  new  model  has  been  proposed  to  elucidate  the 
interface  trap  increase  as  well  as  existing  partial  compensation  of  the  created  positi¬ 
ve  gate  oxide  charge.  Finally,  note  that  no  significant  difference  in  radiation  hard¬ 
ness  between  Al-gate  and  Si-gate  CMOS  transistors  has  been  observed. 


1.  INTRODUCTION 

The  influence  of  radiation  on  MOS  devices  has 
been  extensively  investigated,  and  as  emphasized 
in  the  textbook  by  Ni colli  an  and  Brews  Cl:,  the 
main  radiation  effects  are  due  to  the  creation 
of  both  positive  gate  oxide  charge  and  interface 
traps.  However,  as  the  results  about  the  types 
and  quantities  of  the  created  gate  oxide  charge 
and  interface  traps  were  generally  obtained  by 
analysis  of  C-V  curves  of  MOS  capacitors,  there 
was  no  relationship  to  degradation  of  electrical 
characteristics  of  CMOS  transistors.  On  the  ot¬ 
her  hand,  in  the  papers  where  CMOS  transistors 
have  been  used  to  investigate  instabilities  of 
their  electrical  characteristics,  results  concer¬ 
ning  analysis  of  instability  mechanisms  (changes 
in  the  gate  oxide  charge  and  interface  traps)  re¬ 
mained  in  the  scope  of  qualitative  descriptions. 

In  this  paper,  an  investigation  of  gamma-ra¬ 
diation  effects  in  both  Al-gate  and  Si -gate  CMOS 
transistors  is  made  using  the  recently  proposed 
method  c2:  for  calculation  of  the  gate  oxide  cha¬ 
rge  and  interface  trap  densities  by  MOS  transis¬ 
tor  transfer  characteristics.  The  obtained  resu¬ 
lts  are  analyzed  to  provide  a  structural  and/or 
chemical  insight  into  the  problem  concerning  cre¬ 
ation  of  the  oxide  charge  and  interface  traps. 

2.  EXPERIMENTAL  RESULTS 

Al-gate  CMOS  transistors  used  were  from 


CD4007UB  integrated  circuits,  produced  by  the 
standard  technological  procedure  for  CD4000  se¬ 
ries  CMOS  integrated  circuit  manufacturing,  whi¬ 
le  Si-gate  CMOS  transistors  were  from  specially 
designed  test  chips  RT20AC,  produced  by  the  sta¬ 
ndard  technological  procedure  for  18000  series 
CMOS  microprocessor  manufacturing.  It  should  be 
emphasized  that  the  gate  oxide  (90  nm  thickness) 
was  formed  in  a  wet  oxygen  with  presence  of  0.2% 
C2HC)3,  and  the  chips  were  assembled  in  ceramic 
dual -in-line  packages. 

The  transistors  under  Investigation  were  irr¬ 
adiated  using  the  60Co  radiation  source,  with 
no  bias  applied.  After  given  radiation  doses, 
the  CMOS  transistor  transfer  characteristics  we¬ 
re  measured  in  order  to  determine  the  threshold 
voltage  and  gain  factor  which  are  the  most  im¬ 
portant  electrical  parameters  of  a  MOS  transis¬ 
tor. 

The  threshold  voltage  behaviour  of  both  Al- 
gate  and  Si -gate  CMOS  transistors  during  the 
irradiation  is  shown  in  Fig.  la.  As  can  be  seen, 
the  threshold  voltage  of  PM0S  transistors*  in¬ 
creases  in  the  case  of  either  gate-type.  On  the 
other  hand,  the  threshold  voltage  of  Si -gate 
NM0S  transistors  decreases  all  the  way,  while 

the  threshold  voltage  of  Al-gate  NM0S  transistors 

c 

decreases  only  up  to  the  dose  of  about  10  rads, 

*  The  absolute  values  of  the  threshold  voltage  of 
PM0S  transistors  are  considered  in  this  paper. 
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FIGURE  2 

Effects  of  gamma-radiation  on  gate  oxide  charge 
and  interface  traps  of  CMOS  transistors 

transistor  electrical  parameters  are  caused  by 
significant  increase  of  the  positive  gate  oxide 
charge  in  both  Al-gate  and  Si-gate  transistors, 
and  somewhat  smaller  increase  of  the  density  of 
interface  traps  in  Al-gate  transistors. 

The  fact  that  the  radiation  creates  a  signi¬ 
ficant  amount  of  the  positive  gate  oxide  charge 
is  well  known  Cl 3  and  has  been  explained  in  ter¬ 
ms  of  broken  bond  model  c63.  Namely,  because 
of  the  great  flexibility  of  the  Si-0  network  and 
Si-0  bonds,  a  Si-0  bond  can  break  by  rotation 
and  redistribution  of  the  bonding  electrons,  wi¬ 
thout  significant  atomic  displacement,  which  can 
hardly  be  caused  by  ionizing  radiation  anyway 
c73.  During  that  process,  electrons  are  removed 
from  the  atomic  bond  c63  and,  being  free,  drift 
away  from  the  oxide  to  a  more  positive  electrode 
(usualy,  it  is  the  gate),  while  holes  remain  ca¬ 
ptured  at  either  the  formed  trivalent-silicon 
★ 

traps  (sSi'  )  C7.83  or  nonbridging  oxygen  traps 
(=Si-0*)  C6,83.  These  holes  are  trapped  very  cl¬ 
ose  to  the  oxide  valence  band  (at  about  0.4  eV 
above  the  valence  band  c73)  and  can  easily  move 
towards  the  oxide-silicon  interface  c9i  where 
much  deeper  hole  trap  levels  are  located  C8.103. 

*  The  bars  indicate  that  the  Si  atom  is  bonded 
to  three  0  atoms,  and  the  dot  represents  the 
unsaturated  bond. 


A  linear  dependence  of  the  positive  gate  oxi¬ 
de  charge  increase  on  the  radiation  dose  should 
be  expected  If  the  charge  was  created  by  the  me¬ 
chanism  described  above.  As  can  be  seen  from  Fig. 
2  we  have  found  such  a  behaviour  up  to  the  dose 

4 

of  about  2xt0  rads.  In  addition,  significant 
differences  in  the  densities  of  the  created  po¬ 
sitive  gate  oxide  charge  between  NMOS  and  PMOS 
transistors,  as  well  as  between  Al-gate  and  Si- 
gate  transistors,  have  not  been  observed  in  this 
region,  what  is  also  quite  sensible. 

However,  at  higher  doses  the  rate  of  increase 
of  the  positive  gate  oxide  charge  is  reduced, 
causing  a  departure  from  initial  linear  depen¬ 
dence  of  the  oxide  charge  on  the  dose  (Fig.  2). 

It  has  been  belived  Cl, 113  that  it  is  due  to  pa¬ 
rtial  compensation  of  the  positive  gate  oxide 
charge  caused  by  electron  tunneling  from  the  si¬ 
licon  which  is  enhanced  by  the  electric  field 
of  the  trapped  positive  gate  oxide  charge.  How¬ 
ever,  in  our  opinion  this  mechanism  cannot  be 
responsible  for  this  effect  because  of  at  least 
three  reasons.  First,  the  significant  differen¬ 
ce  in  the  density  of  net  positive  gate  oxide 
charge  between  NMOS  and  PMOS  transistors,  which 
can  clearly  be  seen  in  Fig.  2,  could  not  be  ex¬ 
plained  by  this  mechanism.  Second,  the  gate  oxi¬ 
de  electric  field,  caused  by  the  work  function 
difference  and  the  gate  oxide  charge  is  too  low 
(about  0.1  MV/cm)  to  be  assumed  as  a  posible  ca¬ 
use  of  electron  tunneling.  Third,  tunneling  of 
electrons  from  the  silicon  into  the  oxide  elec¬ 
tron  traps  has  not  been  found  even  after  stres¬ 
sing  by  high  positive  gate  oxide  electric  fie¬ 
lds  c23. 

Instead  of  electron  tunneling,  the  partial 
compensation  of  the  created  positive  gate  oxide 
charge  can  more  duly  be  explained  by  the  follo¬ 
wing  mechanism.  First,  remember  that  holes  crea¬ 
ted  by  irradiation  move  towards  the  oxide-sili¬ 
con  Interface.  As  the  large  amount  of  rather  we¬ 
ak  Si-H  and  Si-OH  bonds  C73  (formed  by  the  anne¬ 
aling  of  interface  traps,  which  is  commonly  used 
during  device  production  cl3)  existsat  the  oxi¬ 
de-silicon  interface,  the  holes  reaching  the 
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starting  to  increase  beyond  that  dose.  It  should 
be  noted  that  the  presented  behaviour  of  the  th¬ 
reshold  voltage  of  Al-gate  NMOS  and  PMOS  transi¬ 
stors  has  also  been  observed  in  many  experiments 
performed  by  other  investigators,  and  it  has  be¬ 
en  generally  established  as  a  typical  behaviour 
eh.  On  the  contrary,  investigations  for  Si- 
gate  transistors  have  not  been  made  so  widely, 
and  published  results  c3a,  expressing  that  the 
threshold  voltage  shifts  of  Si-gate  transistors 
are  much  greater  comparing  to  Al-gate  transisto¬ 
rs,  differ  from  those  given  in  Fig.  la. 

The  gain  factor  behaviour  of  the  investiga¬ 
ted  transistors  is  shown  in  Fig.  lb.  It  can  be 


FIGURE  1 

Effects  of  gamma-radiation  on  threshold  voltage 
(a)  and  gain  factor  (b)  of  CMOS  transistors 

seen  that  the  radiation  leads  to  the  gain  factor 
decrease  in  Al-gate  NMOS,  Al-gate  PMOS,  and  Si- 
gate  NMOS  transistors,  as  well  as  to  the  gain  fa¬ 


ctor  increase  in  Si-gate  PMOS  transistors.  As 
regards  Al-gate  transistors,  it  is  in  accordan¬ 
ce  with  previously  published  results  C4.53  imp¬ 
lying  the  fact  that  radiation  reduces  mobility 
of  channel  carriers,  i.e.  the  gain  factor.  How¬ 
ever,  to  our  knowledge,  there  are  no  published 
results  concerning  the  behaviour  of  either  the 
gain  factor,  i.e.  mobility  of  channel  carriers, 
or  transconductance  of  Si-gate  transistors. 


3.  ANALYSIS 

It  is  very  important  to  determine  and  analy¬ 
ze  instabilities  of  the  gate  oxide  charge  and 
interface  traps  which  cause  the  changes  in  the 
threshold  voltage  and  gain  factor  described  abo¬ 
ve.  It  can  be  performed  on  the  basis  of  the  th¬ 
reshold  voltage  and  gain  factor  data  according 
to  the  recently  proposed  method  C2J.  In  this  me¬ 
thod,  densities  of  the  gate  oxide  charge  and  in¬ 
terface  traps  of  CMOS  transistors  can  be  deter¬ 
mined  using  the  models  for  their  influence  on 
the  threshold  voltage  and  gain  factor.  These  mo¬ 
dels  for  NMOS  and  PMOS  transistors  are  given  by 
the  following  expressions  C2l: 


u  -  V  -  Q°c  +  qNit 


O) 


e  =  1  ±  a  Q  /q  +  a.*N..  ^ 

oc^oc  s  it  it 

In  expressions  (1)  1  (2)  Vj  and  6  are  the  thres¬ 
hold  voltage  and  gain  factor,  respectively,  wh¬ 
ich  account  for  effects  of  the  gate  oxide  char¬ 
ge  (Qoc)  and  interface  traps  (Nit);  VTQ  and  eo 
are  the  threshold  voltage  and  gain  factor,  res¬ 
pectively,  when  there  are  no  gate  oxide  charge 
and  interface  traps;  <xoc  and  are  the  coef¬ 
ficients  in  the  model  for  gain  factor  expressing 

the  influence  of  the  gate  oxide  charge  and  in¬ 
'll  2 

terface  traps,  respectively  (a  =0.2«10  cm 
- 1 1  2  oc 
and  a.t=3.5*10  cm  C23). 

The  changes  in  the  gate  oxide  charge  and  in¬ 
terface  traps  of  Al-gate  and  Si -gate  CMOS  tran¬ 
sistors  during  the  irradiation,  as  obtained  us¬ 
ing  expressions  (1)  and  (2),  are  shown  in  Fig. 2. 
Obviously,  the  observed  instabilities  of  CMOS 


727 


interface  give  rise  to  their  dissociation  by  the 
following  reactions: 

S1-H  +  h+  -  Si+  +  «•  (3) 

Si -OH  +  h+  -  Si+  +  OH’  (4) 

The  released  hydrogen  atoms  and  hydroxil  groups 
easily  diffuse  through  the  oxide  C73,  after  wh¬ 
ich  the  tri valent-silicon  defects  formed  become 
stable.  It  i$  well  known  that  those  interface 
trivalent-silicon  atoms  introduce  the  allowed 
energy  levels  into  the  forbiden  gap  of  the  sili¬ 
con  cl:,  and  what  is  important,  a  part  of  those 
atoms  (having  energy  levels  below  the  Fermi  le¬ 
vel)  are  neutralized  by  free  silicon  electrons. 
In  this  way,  a  part  of  positive  gate  oxide  char¬ 
ge  is  compensated.  Note  that  this  compensation 
is  more  pronounced  in  NMOS  transistors,  what  re¬ 
sults  from  the  higher  position  of  the  Fermi  le¬ 
vel  under  strong  inversion  condition. 

On  the  other  hand,  the  trivalent-silicon  at¬ 
oms  having  energy  levels  within  about  0.1  eV 
above  and  below  Fermi  level,  continously  captu¬ 
re  and  release  free  carriers,  which  mechanism 
reduces  mobility  c2:  (expression  (2)).  Such  tri¬ 
valent-silicon  atoms  appear  as  active  interface 
traps  and  their  density,  corresponding  to  strong 
inversion  condition,  is  measured  by  the  method 
used.  It  can  be  seen  from  Fig.  2  that  these  in¬ 
terface  traps  are  more  pronounced  in  Al-gate 
transistors  (esspecialy  in  NMOS  transistors)  and 
almost  negligible  in  Si-gate  transistors.  This 
advantage  of  Si-gate  transistors  is  a  consequen¬ 
ce  of  manifold  high-temperature  treatment  of  the 
gate  oxide,  inherent  in  self-aligned.  Si-gate 
technology. 

4.  CONCLUSIONS 

The  gainna-radiation  effects  in  Al-gace  and 
Si-gate  CMOS  transistors  have  been  investigated 
in  this  paper.  It  should  be  emphasized  that  we 
have  obtained  typical,  and  in  literature  widely 
reported  threshold  voltage  shifts  of  the  irra¬ 
diated  CMOS  transistors,  but  additionally,  we 
have  presented  the  accompanying  gain  factor  in¬ 
stabilities  of  those  transistors.  Note  that  ra¬ 
ther  similar  radiation  responses  of  both  Al-gate 


and  Si-gate  CMOS  transistors  have  been  obtained 
Indicating  that  there  is  no  significant  differen¬ 
ce  in  radiation  hardness  between  the  two  techno¬ 
logies. 

The  underlying  creation  of  the  gate  oxide  cha¬ 
rge  and  interface  traps  has  been  analyzed  using 
the  recently  proposed  method  C2:  for  the  calcu¬ 
lation  of  the  oxide  charge  and  interface  trap  de¬ 
nsities  from  the  threshold  voltage  and  gain  fac¬ 
tor  data.  The  positive  gate  oxide  charge  density 
increase,  caused  by  breakage  of £$i-0-Sfe bonds, 
as  well  as  interface  trap  density  increase,  cau¬ 
sed  by  breakage  of  Si-H  and/or  Si-OH  bonds  (whi¬ 
ch  mechanism  is,  in  our  opinion,  also  responsi¬ 
ble  for  the  partial  compensation  of  the  created 
positive  gate  oxide  charge), have  been  found. 
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Experimental  and  theoretical  investigations  were  carried  out  to  study  the 
steady-state  and  transient  self-heating  effects  in  VLSI  MOST’s. The  drain  and 
substrate  currents  and  the  thermoelectric  power  in  the  substrate  were  used  to 
monitor  the  internal  temperature  of  the  MOST. The  results  show  that  the  devices 
operate  in  nomsothermal  conditions  due  to  the  temperature  rise  in  the  device 
caused  by  self-heating  in  the  steady-state  and  the  transient  regimes. 


t .INTRODUCTION 

The  self -heating  effect  caused  by  poueT 
dissipation  at  high  power  densities  is 
well  known  for  power  MOSFET's  Ml,  for 
high  voltage  integrated  MOST's  121  and 
for  MQS  transistors  operated  at  cryoge¬ 
nic  temperatures  131. 

The  thermal  response  to  an  ESD  pulse  in 
CMOS  input  protection  circuits  was  in¬ 
vestigated  theoretically  as  well  14). 

However, the  self -heating  effect  has  not 
been  analysed  for  VLSI  MOSFET's  at  room 
temperature.  Although  maesurements  have 
been  carried  out  for  MOST's  in  the  tem¬ 
perature  range  of  77-300  K  (SI, no  self- 
heating  effect  was  observed,  since  the 
dissipated  power  density  was  too  small 
to  detect  the  effect. 

As  the  feature  sizes  in  VLSI  CMOS  are 
continously  scaled  down  to  submicron  di¬ 
mensions,  the  power  density  strongly  in¬ 
creases  at  constant  operating  voltages. 
Most  of  the  power  in  MGS  transistors  is 
dissipated  in  the  pinch-off  region  at 
the  drain  side.  If  the  power  density  is 
high  enough, signif leant  heat  is  produced 
in  the  MOST. This  leads  to  a  local  tempe¬ 
rature  increase  that  changes  the  output 
characteristics  of  the  device  itself  and 
can  thermally  influence  otheT  devices 
in  its  vicinity , leading  to  thermal  coup¬ 
ling  between  adjacent  devices. One  con¬ 
sequence  of  the  local  temperature  rise 
in  MOSTs  is  a  reduced  drain  current. 

In  this  paper .experimental  and  theo¬ 
retical  results  are  presented  for  the 
steady-state  and  transient  self-heating 
effects  in  VLSI-MOST's  at  room  tempera¬ 
ture.  The  drain  and  the  substrate  cur¬ 
rents  and  the  thermoelectric  power  in 
the  substrate  were  used  as  monitors  of 
the  internal  temperature  in  the  MOST. 

The  self-heating  effect  was  also  studied 
by  calculations  of  the  steady-state  and 
transient  temperature  distributions  in 
the  substrate. 


2.  STEADY-STATE  SELF-HEATING  EFFECT 

The  cross  sectional  view  of  the  test 
structure  used  for  heating  by  an  adja¬ 
cent  HOS  transistor  is  shown  in  Fig.1. 
This  is  a  gated  inverter  structure,  con¬ 
sisting  of  an  n-  and  a  p-channel  tran¬ 
sistor.  Investigating  one  of  the  tran¬ 
sistors,  the  other  one  can  be  used  to 
additionally  dissipate  power  (in  the 
following  called  transistor  heating). 


davic*  undar  translator 


Fig.1:  Cross  sectional  view  of  the  test 
structure  with  the  device  under  test 
and  the  heating  transistor.  <Wn  3  50um, 
Hp  =  IQOum). 

The  influence  of  the  additionally 
dissipated  power  of  330mM  in  the  p-chan¬ 
nel  transistor  on  the  output  character¬ 
istics  of  the  adjacent  n-MQS  transistor 
is  shown  in  Fig. 2.  The  Influence  of  the 
transistor  heating  is  clearly  seen: 
with  transistor  heating, the  temperature 
at  the  n-MOS  transistor  increases  and 
the  drain  current  is  reduced. 

Further  experiments  show  that  the  drain 
current  reduction  depends  linearly  on 
the  power  dissipated  in  the  transistor 
used  for  heating. 

The  same  drain  current  reduction  can  be 
achieved  without  transistor  heating  by 
increasing  only  the  ambient  temperature 
Ta-To+AT.  In  this  way  an  equivalent  tern- 
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pe  rat  lire  increase  ATeq  can  be  found  for 
every  power  P  dissipated  by  the  heating 
transistor.  At  an  elevated  aabient  tem¬ 
perature  Ta'To+ATeq  without  transistor 
heating  and  at  aabient  temperature  To 
with  transistor  heating,  the  two  output 
characteristics  coincide. 


Fig. 2:  Output  characteristics  of  an  n- 
channel  transistor  without  and  with 
transistor  heating  at  the  p-channel 
transistor  <P=330mW>. 

An  equivalent  temperature  increase 
ATeq  -  13  K  was  found  for  a  dissipated 
power  P-330mH  for  the  geometry  given  in 
Fig. 1. The  spacing  between  the  n-channel 
transistor  and  the  transistor  used  for 
heating  is  relativly  large  <abput  20 urn). 
It  is  evident  that  the  temperature  in¬ 
crease  in  the  heating  transistor  itself 
is  much  higher.  The  measured  drain  cur¬ 
rent  reduction  and  the  corresponding 
equivalent  temperature  increase  caused 
by  the  transistor  heating  are  signifi¬ 
cant  considering  the  relatively  large 
distance . 

Fig. 3  demonstrates  the  influence  of 
the  transistor  heating  on  the  maximum 
substrate  current  of  the  n-MOST  at  a 
given  operating  point.  The  transistor 
heating,  as  expected,  reduces  the  sub¬ 
strate  current .being  carrier  multiplica¬ 
tion  induced. Increasing  the  ambient  tem¬ 
perature,  the  substrate  current  also 
decreases. 

A  further  evidence  for  the  self¬ 
heating  effect  in  VLSI  MOS  transistors 
is  presented  in  Fig. 4.  The  thermoelec¬ 
tric  power  Vthermo  as  a  function  of  the 
dissipated  power  P  is  shown  for  differ¬ 
ent  gate  voltages  of  the  heating  tran¬ 
sistor.  The  corresponding  drain  currents 
are  also  shown.lt  can  be  seen,  that  the 
thermoelectric  power  depends  only  on 
the  dissipated  power  and  is  independent 
of  the  partial  quantities  Id  or  Vds.The 
same  result  is  obtained  if  the  power  is 
dissipated  in  a  poly-silicon  resistor 


Fig. 3:  Influence  of  the  transistor  hea¬ 
ting  and  the  ambient  temperature  on  the 
maximum  substrate  current  of  the  nMOST. 


Fig. 4:  Steady-state  thermoelectric  power 
Vthermo  vs.  power  dissipated  in  the  p- 
channel  transistor. 

that  is  totally  isolated  from  the  sub¬ 
strate  . 

The  internal  temperature  in  the  hea¬ 
ting  transistor  itself  can  not  be  deter¬ 
mined  by  electrical  measurements  in  the 
steady-state.  One  can  only  estimate  the 
temperature  distribution  in  the  device 
caused  by  a  steady-state  power  density, 
if  one  solves  the  heat  conduction  equa¬ 
tion  for  a  given  geometry. 

The  3D  heat  conduction  equation  was 
solved  analytically  for  the  steady-state 
in  a  similar  manner  as  described  in  [61. 
The  results  of  the  steady-state  calcula¬ 
tion  of  the  temperature  distribution 
are  shown  in  Fig. 5. 

A  dissipated  power  of  200mW  on  the 
surface  area  of  5um«5um  results  in  a 
maximum  temperature  increase  of  130  K . 
The  temperature  gradient  is  very  large. 
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Fig. 5:  Calculated  temperature  increase 
in  steady -state  for  a  power  of  200mW 
dissipated  in  a  5u»«5um  area  on  the  sur¬ 
face  of  a  chip  sized  2mm*2mm. 


The  measured  temperature  increase  of 
10-15  K  in  Fig. 2  and  Fig. 3  is  in  good 
agreement  with  the  results  of  the  rough 
theoretical  estimation  for  comparable 
power  densities  at  a  distance  of  about 
20um  from  the  heating-source.Fig.5  also 
suggests  that  the  temperature  increase 
in  the  heating  transistor  itself  is 
much  higher. 

3. TRANSIENT  SELF  HEATING 


Since  integrated  circuits  usually  ope¬ 
rate  in  a  dynamic  mode,  it  is  important 
to  investigate  the  time  dependence  of 
the  self-heating  effect. One  possibility 
to  study  the  transient  self-heating 
effect  is  to  measure  the  time  dependence 
of  the  drain  current  reduction. 

Single  pulse  drain  current  measure¬ 
ments  were  carried  out  with  pulse  rise 
times  in  the  ns  range  (typically  10  ns) 
and  pulse  durations  from  100ns  up  to  a 
few  ms  to  reach  steady-state  conditions. 

The  drain  current  reduction  vs.  time 
is  shown  in  Fig. 6  for  two  different  di¬ 
ssipated  powers  P,<  P*Vds«Id  in  steady- 
state,  recombination  processes  were  neg¬ 
lected).  At  first, the  drain  current  de¬ 
creases  strongly  with  time  and  satu¬ 
rates  in  the  us  range. The  drain  current 
reduction  and  thus  the  intrinsic  tempe¬ 
rature  rise  is  very  fast  and  most  of 
the  effect  seems  to  happen  in  the  first 
30-50  ns  after  power  dissipation  has 
s tar ted. However ,  reliable  measurements 
were  possible  only  at  times  longer  than 
about  30ns. For  shorter  times, only  simu¬ 
lations  could  be  used  to  conclude  what 
happens  at  the  beginning  of  the  power 
dissipation. 

The  earliest  measurable  drain  current 
reduction  for  32mW  is  about  17 ,  which 
probably  underestimates  the  self-heating 
effect. Lower  dissipation  leads  to  lower 


temperature  increase,  but  the  time  con¬ 
stant  seems  to  remain  the  same. 


Fig. 6:  Drain  current  reduction  vs. time 
for  two  different  dissipated  powers  in 
a  p-MOST.  Power  dissipation  started  at 
t=0 . <Vgs=Vds> 

The  transient  drain  current  reduction 
by  self-heating  as  a  function  of  the  di¬ 
ssipated  power  is  demonstrated  in  Fig. 7. 
The  drain  current  reduction  is  already 
significant  for  dissipated  powers  above 
lOmM.The  slope  of  the  curve  is  4.5uA/mW. 


Fig. 7:  Earliest  measurable  transient 
drain  current  reduction  of  a  p-MOST  vs. 
power  dissipated  in  it. 


As  device  dimensions  are  scaled  down 
to  submicron  levels. the  problen  will  be 
much  more  severe  because  the  dissipated 
power  density  in  the  MOST  strongly  in¬ 
creases.  Furthermore,  the  thermal  conduc¬ 
tivity  of  the  silicon  substrate  decrea¬ 
ses  because  of  the  higher  doping  con¬ 
centration  used  to  avoid  short  channel 
effects  in  VLSI . Therefore .  the  channel 
length  dependence  of  the  self-heating 
has  to  be  investigated. 

Fig. 8  shows  the  drain  current  reduction 
as  a  function  of  time  for  different 
channel  lengths  at  constant  dissipated 
power  P"32mW. 
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Decreasing  the  channel  length, the  detec¬ 
table  drain  current  reduction  and  the 
tiee  constant  decreases.  For  a  channel 
length  of  1ua.no  drain  current  reduction 
can  be  observed.  We  conclude  froa  the 
shorter  tiae  constants  for  shorter  chan¬ 
nel  lengths, that  the  self-heating  pro¬ 
cess  for  L*1ua  already  has  coapleted  in 
the  first  30ns. 


Fig. 9  shows  the  calculated  temperature 
increase  for  different  dissipated  powers 
in  the  first  200ns. 

In  the  calculations,  one  half  of  the 
power  is  dissipated  in  the  channel  area 
and  the  other  one  in  the  pinch-off  re¬ 
gion  <  delta-function  >. 

A  significant  temperature  increase 
takes  place  in  the  first  few  ns, as  the 
results  of  the  experiments  indicate. 

Furthermore, the  self-heating  effects 
in  n-  and  p-HGST  in  triode  or  saturation 
regions  seem  to  be  identical. 

The  investigated  nHQST  show  similar 
self-heating  effects  independent  of  the 
drain  fabrication  process  (conventional 
or  LDD) .However , the  transient  drain  cur¬ 
rent  reduction  is  more  complicated: the 
nHOST  with  short  channel  lengths  can 
operate  in  bipolar  mode  with  positive 
temperature  coefficient  of  the  corres¬ 
ponding  collector  current. 

4.  CONCLUSIONS 


Fig. 8:  Drain  current  reduction  vs. time 
for  different  channel  lengths. 

The  dissipated  power  in  the  p-HOST  was 
kept  constant  at  32mW. 

To  estimate  the  self-heating  in  this 
tine  region  the  tine-dependent  2-D 
heat  conduction  equation  has  been 
solved  (as  described  in  171). 

The  homogeneously  doped  silicon  chip  has 
infinite  dimensions  in  this  model  and 
the  heat-source  term  has  two  components: 
a  delta-function  distribution  adjacent 
to  the  drain  and  an  even  distribution 
for  the  channel  area.  No  heat  transfer 
froa  the  surface  is  considered. 


Fig. 9:  Calculated  temperature  increase 
in  transient  regime  vs.  time  for  diffe¬ 
rent  dissipated  powers  in  a  HOST.  (M/L- 
20um/1 .25um> 


Steady-state  and  transient  self-heating 
effects  were  investigated  in  VLSI  HOST 
at  300  K.A  consequence  of  the  self-hea¬ 
ting  is  a  reduced  drain  current.  The 
drain  current  reduction  will  be  even 
more  severe  at  higher  power  densities 
when  device  features  will  be  further 
scaled  down  in  the  future. 

The  transient  drain  current  reduct  on 
is  faster  for  shorter  channel  lengths. 
Thus  most  of  the  heating  effect  seems  to 
happen  in  the  first  few  ns  for  L<  =  'ium. 

These  results  suggest  that  the  HOSTs 
in  VLSI  operate  in  nomsothermal  condi¬ 
tions. 
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CHARGE  LIMITED  BREAKDOWN  IN  MOS  CAPACITORS 
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Investigations  into  the  electrical  breakdown  of  p-Si  MOS  capacitor  structures 
have  been  conducted  for  both  pulsed  and  continuous  voltage  stress  conditions. 
The  experimental  results  show  that  the  threshold  voltages  for  breakdown  are 
dependent  on  the  amount  of  charge  supplied  to  the  MOS  system.  An  analytical 
treatment  of  the  breakdown  conditions  with  both  positive  and  negative  polarity 
pulses  has  been  given.  The  breakdown  under  continuous  stress  conditions  up  to 
100  ms  has  been  shown  to  be  related  to  the  duration  of  the  applied  voltage  and, 
hence,  the  charge  injection  required  to  provide  sufficient  energy  to  initiate 
damage. 


1.  INTRODUCTION 

Recent  investigations  into  the  electrical 
breakdown  of  SiO^  under  high  field  stress 
conditions,  have  indicated  that  the  sensitivity 
of  MOS  structures  is  related  to  the  charge 
injection  and  conduction  mechanisms  in  the 
dielectric  (1)  (2 J  13).  Other  workers  (4)  |5) 
[61  have  suggested  that  breakdown  is  influenced 
by  the  applied  electric  field.  Most  studies  to 
date  have  concentrated  on  the  breakdown  in 
constant  electric  fields.  Maximum  breakdown 
thresholds  in  these  conditions  are  in  the  region 
5-10  MVcni  . 

Previous  work  by  the  authors  [7]  [81  have 
shown  that  MOS  capacitors  can  withstand  fields 
up  to  50  MVcm  ^  under  pulsed  conditions.  Such 
fields  are  commonly  experienced  in  Electrostatic 
Discharge  (ESD)  damage  and  in  some  cases  when 
large  voltage  transients  are  obtained  in  the 
course  of  normal  operation.  The  investigations 
presented  in  this  paper  examine  the  mechanisms 
of  pulsed  breakdown  and  the  influence  of  charge 
carriers  on  the  breakdown  process. 

Experimental  results  showing  the  relation¬ 
ship  between  amount  of  charge  and  the  breakdown 
voltage  (V. ,)  under  both  pulsed  and  constant 
voltage  conditions  are  given.  A  comparison  is 
then  made  of  the  experimental  data  with  a 


theoretical  treatment  of  the  charge  conduction 
process,  in  order  to  develop  a  model  of  the 
breakdown  process  with  both  positive  and 
negative  pulses. 

2.  EXPERIMENTS 

2.1  The  Device  Structures 

p-Si  MOS  capacitors  were  used  in  the 
experiments.  They  were  supplied  as  part  of  MOS 
process  assessment  wafers  by  Plessey  Research. 

Figure  1  illustrates  schematically  a  cross- 
section  of  the  device. 


POLYSILICON  n+ 


> 


FIELD 

OXIDE 


Boron  implant 


p  type  Si 


Figure  1  Schematic  cross-section  of  MOS 
capacitor  structures. 


A  n+-polysilicon  gate  was  deposited  on  a 
thermally  grown  Si02  layer  400A  thick.  The 
p-type  Si  substrate  had  a  dopant  concentration 
of  approximately  4  x  10*  cm”  .  The  capacitors 
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had  an  area  of  49  x  10  cms  .  Preferential 

boron  doping  (by  implantation)  of  the  Si  surface 

16  -3 

to  a  concentration  of  1  x  10  cm  was  also 
present  in  some  capacitors,  thereby  simulating 
the  gate-oxide  capacitors  in  standard  NMOS 
transistors.  Both  implanted  and  unimplanted 
devices  were  used  in  the  experiments. 

2.2  The  Voltage  Pulse  Generator 


The  voltage  pulse  was  generated  using  the 
discharge  system  described  in  Figure  2. 


DC 

Power 

Supply 


Cj  -  DISCHARGE  CAPACITOR 
C2  -  MOS  CAPACITOR 


t  sei 


Figure  3  Voltage  pulse  wafeform 

2 . 3  Measuring  Techniques 

The  static  discharge  system  also  measured 
the  current-voltage  characteristics  of  the 
capacitor  before  and  after  application  of  the 
pulse.  A  predefined  change  in  leakage  current 
(taken  as  ±2pA)  at  a  given  gate  voltage,  after 
application  of  the  pulse,  was  taken  to  indicate 
breakdown . 

Continuous  voltage  stress  was  provided  by  a 
KEITHLEY  230  programmable  voltage  source.  The 
system  was  connected  as  shown  in  Figure  4. 


Figure  2 


Circuit  used  for  voltage  pulse 
generator 


This  circuit  is  based  on  the  MIL-STD-883C 
model  for  testing  Electrostatic  Discharge  (ESDI 
sensitivities  of  devices.  A  commercially 
developed  system,  the  Hartley  AUTOZAP,  capable 
of  producing  voltage  pulses  of  varying  magnit¬ 
udes  with  rise  times  of  the  order  of  100  ns 
was  used  in  the  experiments.  A  typical  voltage 
pulse  is  shown  in  Figure  3. 
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Figure  4  Circuit  used  for  continuous  voltage 
stress  experiments 


Breakdown  was  monitored  using  the  current- 
voltage  measuring  system  available  on  the 
Hartley  Autozap.  This  ensured  compatibililty 
with  results  obtained  for  pulsed  breakdown. 


2.4  Pulsed  Voltage  Breakdown  Thresholds 


The  threshold  voltages  for  breakdown  under 
pulsed  conditions  were  determined  by  varying 
the  discharge  capacitor, C^r  as  shown  in  Figure 
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2.  The  value  of  the  capacitor  used  in  the  MIL- 
STD  model  was  lOOpF,  and  the  breakdown  voltage 
using  this  discharge  capacitor  is  usually  taken 
as  a  standard.  was  varied  between  4pF  and 
400pF  and  the  breakdown  thresholds  were  deter¬ 
mined.  Since  the  charge  in  the  capacitor  is 
given  by  Q  «  CV,  a  relationship  between  the 
breakdown  threshold  and  the  charge  can  be  found. 
Both  positive  and  negative  polarity  pulses  were 
applied. 

2.5  Continuous  Voltage  Breakdown  Thresholds 

Under  continuous  voltage  conditions,  the 
influence  of  the  dwell-time  of  the  applied  volt¬ 
age  on  the  breakdown  threshold  was  determined 
using  the  programmable  voltage  source.  Threshold 
breakdown  voltages  for  dwell-times  ranging 
between  2  ms  and  100  ms  were  determined  for 
samples  of  5  capacitors  at  each  time  interval. 
2  ms  was  the  low  limit  of  the  voltage  dwell-time 
available  on  the  power  supply.  As  noted 
previously,  only  negative  polarity  voltages  were 
applied. 

3.  RESULTS 

3.1  Pulsed  Voltage  Breakdown  Thresholds 

The  pulsed  voltage  breakdown  thresholds  as 
a  function  of  the  magnitude  of  the  discharge 
capacitor  are  shown  in  Figure  5  for  positive 
voltages,  and  in  Figure  6  for  negative  voltages. 
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Figure  5  Graph  of  pulsed  Vb(J  vs.  discharge 

capacitor,  C^,  for  positive  voltages 
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Figure  6  Graph  of  pulsed  Vfcd  vs.  discharge 

capacitor,  C  for  negative  voltages. 
*■  » 
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Each  figure  indicates  the  variation  of  breakdown 
thresholds  for  devices  which  have  a  preferential 
boron  implant  at  the  Si  surface  as  well  as  the 
thresholds  for  unimplanted  devices. 

It  can  be  seen  from  these  curves,  that  the 
positive  voltage  breakdown  thresholds  are  much 
higher  than  the  negative  voltage  thresholds . 
They  are  also  different  functions  of  the  dis¬ 
charge  capacitance.  These  factors  will  be 
discussed  in  detail  in  Section  4. 

The  results  proved  to  be  very  consistent 
between  devices  of  identical  structures.  Errors 
in  the  measurements  were  introduced  by  the  min¬ 
imum  voltage  increment,  Av,  available  in  the 
static  discharge  equipment.  Typically  for 
positive  voltage  pulses,  AV  was  20V,  indicating 
an  accuracy  of  tlOV  and  for  negative  voltage 
pulses  AV  was  10V,  indicating  an  accuracy  of 
±5V. 

3.2  Continuous  Voltage  Breakdown  Thresholds 

The  variation  in  continuous  voltage  breakdown 
thresholds  for  unimplanted  p-Si  MOS  structures 
is  given  in  Table  1,  as  a  function  of  the 
duration  of  the  applied  voltage.  At.  Only 
negative  polarity  voltages  were  used; 

Accuracy  of  the  voltage  breakdown  readings 
were  around  ±0.15V  limited  by  the  increments 
possible  in  determining  breakdown  for  a  given 
At.  However,  great  consistency  of  results  were 
obtained  which  allows  much  confidence  to  be 
placed  in  these  readings. 

TABLE  1 

V.  .  as  a  Function  of  Voltage  Dwell-Time  (At) 
bd 

for  Continuous  Voltage  Stress  Conditions, 
for  Unimplanted  p-Si  MOS  Capacitors 


Vbd(VoltS) 

-36.5 

-37.0 

-37.75 

-38.0 

-38.25 

At  (ms) 

100 

20 

10 

5 

2 

2 

4.  DISCUSSION 

4.1  Dielectric  Breakdown  in  MOS  Capacitors 

4.1.1  Negative  Voltage  Conditions 

When  a  negative  voltage  is  applied  to  the 


p-Si  MOS  structure,  the  gate  electrode  becomes 

the  cathode.  The  n+  polysilicon  gate  has  a 

21  -3 

very  high  density  of  electrons  (310  cm  ) 
available  for  injection  into  the  Si02-  In  these 
conditions,  the  applied  field  enhances  the 
injection  mechanisms  by  which  electrons  enter 
the  SiOj  conduction  band,  and  then  provides 
the  necessary  energy  to  cause  the  Si02  to  break¬ 
down. 

4.1.2  Positive  Voltage  Conditions 

The  application  of  a  positive  voltage  to 
the  gate  of  the  structure  causes  the  p-S 
surface  of  the  capacitor  to  be  the  cathode. 
However,  the  p-Si  surface  has  to  first  become 
inverted  before  electron  injection  can  take 
place.  The  response  times  of  minority  carriers 

to  an  applied  voltage  are  typically  betwee 
-3  -2 

10  and  10  secs  1 9)  1 10),  and  voltages  witi 
rise  times  faster  than  this  would  not  allow 
the  inversion  layer  to  form.  As  a  result,  the 
maximum  depletion  layer  width  increases  until 
the  field  in  the  Si  is  high  enough  to  cause 
avalanche  breakdown.  Minority  carriers  then 
flood  the  Si  surface  111).  Electrons  reaching 
the  Si-Si02  interface  can  have  sufficient  energy 
to  be  injected  into  the  Si02-  If  the  injected 
carrier  density  is  of  the  right  order  of 
magnitude,  destructive  breakdown  of  the  oxide 
will  occur. 

Typical  avalanche  breakdown  fields  are  in 
the  region  of  400kVcm  *  depending  on  the  dopant 
concentration  (12).  Prior  to  avalanching,  the 
field  across  the  MOS  structure  is  divided 
between  the  SiC>2  and  the  Si  depletion  layer. 
After  avalanche  takes  place,  the  whole  field 
appears  across  the  Si02  and  will  contribute  to 
the  breakdown  process. 

4.2  Analysis  of  Experimental  Results 

4.2.1  Positive  Polarity  Pulsed  Voltages 

V.  .  for  positive  pulses  is  shown  in  Figure 
bd 

5,  to  be  inversely  proportional  to  the  value 
of  the  discharge  capacitance,  C^.  The  pulsed 
voltage  breakdown  threshold  in  the  positive  case 


736 


is  dependent  on  the  avalanche  breakdown  field 
in  the  p-Si,  as  discussed  in  Section  4.1.  Figure 
7  schematically  depicts  the  p-Si  MOS  capacitor 
under  the  influence  of  a  large  positive  electric 
field. 
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p-Si  substrate 

r 


ox 


Figure  7  p-Si  MOS  capacitor  under  the 
influence  of  a  large  positive 
voltage 


The  voltage  across  the  MOS  capacitor,  V,  is 

made  up  of  2  voltages  V  and  V,  ,  across  the 
ox  aep 

oxide  and  the  depletion  layer  respectively.  The 
total  charge  in  the  capacitor  C2  is  given  by:- 


c2v 


(1) 


Where  is  the  total  capacitance  of  Cqx 


and  C  ,  given  by:- 
aep 


1/C, 


1/C  +1/C, 

ox  dep 


(2) 


Since  the  system  is  in  deep  depletion,  Q2 
is  given  by:- 


Q2  -  qN^W  Coulombs  cm  2  (3) 

Where  N  is  the  acceptor  concentration  per 
3  ” 

cm  in  the  p-Si  and  W  is  the  depletion  layer 
width. 

It  is  important  at  this  stage  to  point  out 


that  the  capacitor  is  an  unreplenishable 
reservoir  of  charge.  Any  charge  transferred  to 
C^  will  deplete  this  reservoir  and  hence  reduce 
the  voltage,  V,  across  the  system. 

The  relationship  between  V  and  the  voltage 
to  which  C^  is  initially  charged,  V  ,  neglect¬ 
ing  the  voltage  dropped  across  Rj,  is  given 
by:- 


V  =  vo-(Q2/c1) 

(4) 

Thus  V  -  V  /(l+C./C, ) 
o  2  1 

(5) 

Now  C  =  e  e  A/d 

ox  o  ox  ox 

(6a) 

And  C,  =  e  e  .  A/Vf 

dep  o  si 

(6b) 

Where  it  is  assumed  that  the  area  of  the 
capacitor  is  large  enough  that  edge  effects 
may  be  neglected. 

t  t  =  3.45x10  33  Fein  3  is  the  permittivity 
of  SiO  . 

2  -12  -1 
And  £  e  .  =  1.04x10  Fcm  is  the  permit- 
o  si 

tivity  of  Si. 

Also  using :- 


V  =  V  +V 

dep  ox 

Where : - 


(7) 


V-  =  Q,/C 
ox  2  ox 


(8) 


We  get : - 

V  =  Q  (A/C  )+9  (A/C  )+(qN  W2/fe  e  )  (9) 

O  2  12  OX  A  OS1 

The  depletion  layer  width,  W,  is  given  by 

the  solution  to  Poisson's  Equation  in  the 

silicon  as:- 


W  =  (e  e  .F.  /qN, ) 
o  si  dep  A 


(10) 


Where  is  the  field  across  the  depletion 
region.  Thus  for  an  acceptor  carrier  density  of 
4  x  1015cm  3  and  a  breakdown  field  of  350kVcm  1 


W  =  5.7  x  10 
And  for  C, 


lOOpF 


205V 


Which  is  of  the  order  shown  in  Figure  5. 

It  is  important  to  note  that  when  V  is 

o 

205V,  and  with  F^  and  W  as  given  above, 

VJ  -  199.5V 
dep 

Then  using  Eq  (4)  and  (7) 


4V 
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I 


F  -  1  MV  cm 

OX 

Which  is  well  below  the  oxide  breakdown  field 

strength.  Hence,  it  is  seen  that  only  after 

avalanche  breakdown  has  occurred  in  the  silicon, 

can  the  SiO^  breakdown  be  initiated. 

From  Eq  (9) ,  the  dominant  term  is 

(qN  w2,fc  e  . ) ,  and  this  term  determines  the  min- 
A  o  si 

imum  Vq  for  breakdown  for  a  given  N^.  As  C^  is 

increased,  Vq  approaches  this  minimum  value 

since  the  first  term  in  the  equation  becomes 

small.  This  is  indicated  at  the  upper  end  of 

the  curve  in  Figure  5.  For  small  C^,  V^  begins 

to  rise  more  rapidly  as  the  term  (Qj/C^)  be9ins 

to  influence  the  total  voltage. 

W  is  a  function  of  Nft,  and  the  larger  the 

dopant  concentration,  the  smaller  W  becomes  for 

a  given  F.  .  This,  in  turn,  reduces  V  .  Hence, 
*  dep  o 

the  lower  sensitivity  of  the  preferentially- 
doped  implanted  MOS  capacitors  compared  with 
that  of  the  unimplanted  capacitors,  as  shown 
in  Figure  5. 

4.2.2  Negative  Polarity  Pulses 

From  Figure  6  it  is  seen  that  the  breakdown 
thresholds  for  negative  polarity  pulses  decrease 
as  the  value  of  the  discharge  capacitor  in¬ 
creases.  The  relationship  is  found  to  be  given 
by:- 

V.  .  =  (1/C, )  .K  volts  (11! 

DU  1 

Where  K  is  a  constant. 

2 

K  actually  has  the  units  of  energy  and 

Figure  6  describes  a  constant  energy  contour. 
The  total  energy  dissipated  in  the  MOS  capacitor 
at  breakdown  is  given  by:- 

E  *  O.V.  .  Joules  (12) 

bd  bd 

and 

2bd  -  ClVbd  (13) 

.'.  the  total  energy  dissipated  at  breakdown 
is  given  by:- 

E  -  (14) 


TABLE  2 

The  Effective  Voltage  across  the  MOS 

Capacitor  (V) ,  the  Charge  on  the  MOS 

Capacitor  (Q2> ,  as  Functions  of  the  Discharge 

Capacitor  (C, ) ,  and  the  Applied  Voltage  (V  ) . 

i  o 


CjlpF) 

10 

24 

SO 

100 

200 

300 

400 

V  (Volts) 

-310 

-200 

-140 

-95 

-70 

-60 

1 

O 

Q1(X10  *C> 

3.1 

4.8 

7.0 

9.5 

15.0 

18.0 

20.0 

V (Volts) 

-59.6 

-72.7 

-76.1 

-66.9 

-57.8 

-52.6 

-45.0 

-9 

Q, 'X10  c) 

2.5 

3.0 

3.2 

2.8 

2.4 

2.2 

1.9 

<Xl<f7J) 

1.5 

2.2 

2.4 

1.9 

1.4 

1.2 

1.0 

The  capacitance  C2  »  42pf,  and  Ebd  = 

In  Table  2  the  values  of  V.  .  are  given  after 

bd 

adjusting  for  the  charging  of  C^.  These  figures 

are  then  used  to  calculate  E.  , .  From  Table  2:- 

-y  bd 

E.  =  1.5x10  Joules 
bd 

Hence,  it  is  seen  that  a  specific  energy 
Ebd  is  required  for  breakdown  to  take  place. 
This  would  be  the  minimum  energy  required  by 
the  electrons  current  in  the  Si02  to  cause 
dissociation  when  energy  losses  due  to 
collisions  and  heat  loss  by  homogeneous  thermal 
conduction  have  been  considered  (see  Section 
4.4)  . 

2 

Comparing  C^Vbd  for  positive  polarity  pulses 

(Section  4.2.1)  with  C^V^2  for  negative 

polarity  pulses,  the  energy  required  for 

positive  V.  is  higher  than  for  negative  V 

bd  bd 

Furthermore,  in  the  positive  polarity  case,  the 
energy  is  not  a  constant.  However,  this  is  to 
be  expected  when  considering  the  conditions  in 
which  breakdown  takes  place  in  the  two  cases. 

4.2.3  The  Variation  of  V.  ,  with  At  for 

bd 

Continuous  Voltage  Stress  Breakdown 

Only  injection  from  the  gate  electrode  was 

used  in  this  experiment  to  determine  the 

relationship  between  At  and  V  .  Larger  A  t 

bd 

indicates  larger  charge  densities  as  given  by:- 
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Q  =  Jit  Ccm  (15) 

And  from  the  energy  relationship,  where:- 

E.  .  o  Q.  .V,  ,  Joules 
bd  *bd  bd 

which  should  be  a  constant  for  a  given  MOS 
structure . 


and  At  is  inversely  proportional  to  as 

shown  in  Table  1.  Since  J  is  a  time-independent 

function  of  the  applied  field,  V,  .  is  directly 

bd 

related  to  the  injected  charge  Q.  . 

bd 

4.3  Charge  Conduction  Processes 

Three  types  of  charge  conduction  processes 
can  be  identified.  They  are;  (i)  tunnelling 
(13),  (ii)  Schottky  Emission  (13)  (14),  (iii) 
Poole-Frenkel  Emission  (IS).  In  addition, 
injected  charge  in  the  presence  of  a  high 
electric  field  can  cause  avalanche  multi¬ 
plication  of  electrons  as  a  result  of  collision 
ionization  in  the  SiO^ ■  These  added  electrons 
would  then  gain  energy  from  the  field,  and 
hence  contribute  to  the  breakdown  process. 
However,  Si02  is  a  wide  bandgap  insulator, 

and  the  potential  barrier  (0  )  at  the  electrodes 

B 

is  around  3.2eV.  Calculations  for  the  Schottky 
current,  the  Poole-Frenkel  current  and  the 
avalanche  current,  suggest  that  these  con¬ 
tributions  to  the  overall  current  density  in 
the  SiO^  are  negligible.  Solutions  for  the 
tunnelling  current,  Jtun»  on  the  other  hand, 
do  show  that  currents  of  the  order  required  to 
cause  breakdown  are  possible  for  the  fields 
concerned . 

The  tunnelling  equation  for  an  image-force 
lowered  barrier  potential  is  given  by  (16):- 

Jtun  "  «l3/8*h>  (F2/jJB<l/t2<y)). 

,  _ _  3/2  U7) 

•*p{(-4/2m*  /3ftq) (*B  '  /F)v(y)} 

Where  q  is  the  electronic  charge  in  Coulombs, 
h  is  Plank's  constant,  m*  is  the  effective 
mass  of  electrons  in  SiO  ,  and  y  -  A  0/3 

3  i  ^  8 

And  AfJ  »  (q  F/e  e  )  is  the  image-force  low- 
o  ox 

ering  of  (?B. 

v(y)  and  t(y)  are  tabulated  functions  of  y. 


For  F  -  9.5MV  cm  ,  (i.e.  V  »  38. Ov) ,  and 

fJ_  «  3.15eV,  and  taking  m*  -  m  »  0.9x10  3°kg. 
B  -3  -2  ° 

J^  a  90  x  10  A  cm 
tun 

The  associated  charge  for  an  area  of  49  x 

10  5  cm2  and  At  =  5ms 

Q,.  ■  J,  At  C  cm-2 

tun  tun 

Thus  O  =  2  x  10-7  C 
tun 

_ 9 

Qtun  is  greater  than  the  charge  of  a  10 
Coulombs  which  brought  about  breakdown  under 
pulsed  conditions  (Section  4.2.2).  Hence,  the 
tunnelling  current  can  provide  sufficient  car¬ 
riers  to  initiate  oxide  breakdown. 

The  energy  supplied  by  these  charge  carriers 


E  =  8xl0~6  J 

which  is  greater  than  the  energy  required 
for  Si02  breakdown. 

4.4  Energy  Dissipation  for  Dielectric  Breakdown 

Charge  carriers  moving  under  the  influence 
of  the  applied  electric  field  may  gain 
sufficient  energy  to  result  in  thermal  breakdown 
by  means  of  Joule  heating  in  the  material  (2) 
(16)  (17).  It  has  also  been  suggested  that 
electrons,  when  leaving  the  Si02  conduction 
band',  either  at  the  electrode  or  at  a  deep 
trap,  will  lose  sufficient  energy  to  the  lattice 
to  create  defects  and  cause  damage  (181- 

The  calculated  energies  obtained  in  the  work 
presented  in  this  paper  are  well  within  the 
energies  required  to  breakdown  Si02.  However, 
it  has  not  been  possible  to  calculate  a  thresh¬ 
old  energy  for  breakdown,  due  to  the  unknown 
factors  involved  in  the  calculations. 

When  considering  the  time  factors  involved 
in  breakdown,  it  is  clear  that  the  heat 
dissipated  by  homogeneous  thermal  conduction 
in  the  material  must  be  considered.  The  heat 
dissipated  is  given  by:- 

EDIS  “  K(dT/dx)  Jc«'2s'1  (18) 
EDIS  *  K  (dT/dx)-At  Jem'2  (19) 

Where  K  «  15x10  3  Jem  3s  3K  1  is  the  thermal 
conductivity  of  the  SiOj.  dT/dx  is  the 
temperature  gradient  and  At  is  the  duration  of 
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the  pulse.  Therefore,  it  is  seen  that  as  At 

decreases,  E  is  reduced.  As  a  result  of 
DIS 

this,  the  energy  required  to  cause  breakdown 
is  reduced.  This  has  been  shown  for  the  pulsed 
and  continuous  voltage  conditions  discussed  in 
Section  4.2  and  4.3. 

S.  CONCLUSIONS 

Dielectric  breakdown  of  p-Si  MOS  capacitor 
structures  has  been  discussed .  The  experimental 
results  have  shown  that  the  threshold  voltages 
for  breakdown  are  a  function  of  the  charge 
supplied  to  the  MOS  structure. 

Pulsed  voltage  breakdown  under  positive  and 
negative  polarity  conditions  show  a  marked 
difference  between  V  . .  It  has  been  shown 

DU 

analytically  that  since  a  positive  voltage  pulse 
results  in  deep-depletion  of  the  p-Si  surface, 
oxide  breakdown  occurs  only  after  avalanche 
breakdown  has  taken  place  in  the  silicon.  Hence, 
over  95%  of  the  applied  voltage  in  the  pre¬ 
breakdown  stage  falls  across  the  p-Si,  with 
only  5%  across  the  oxide.  Negative  voltage 
pulses  on  the  other  hand,  cause  electron 
injection  from  the  n+-polysilicon  gate;  a 
process  which  is  almost  instantaneous.  The 
energy  required  to  cause  breakdown  is  found  to 
be  constant. 

The  discharge  capacitor  in  the  pulse 
generator  circuit  is  an  unreplenishable 
reservoir  of  charge.  The  variation  of  the 
effective  voltage  seen  by  the  MOS  devices  has 
been  calculated  as  a  function  of  the  values  of 
the  discharge  capacitor  end  the  MOS  capacitor. 
Hence,  it  is  shown  that  with  negative  voltage 
pulses,  the  effective  voltage  across  the  MOS 
system  is  less  than  the  applied  voltage. 

Under  continuous  voltage  stress  conditions, 
a  dependence  of  on  the  duration  of  the 
applied  voltage  has  been  observed.  It  iB 
suggested  that  as  At  increases,  the  voltage 
necessary  to  generate  the  energy  required  for 


breadown  will  decrease  proportionally. 
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In  this  paper  the  different  technologies  and  devices  used  in  Non-Volatile  Electrically  Erasable  PROM 
memories  are  reviewed,  discussed  and  compared  with  emphasis  on  their  operation  mechanisms,  their 
advantages  and  limitations,  the  problems  related  to  further  scaling  and  the  reliability  issues. 


1.  INTRODUCTION 

The  trend  in  Non-Volatile  Memories  toward  higher  bit 
densities,  smaller  cell  sizes  (vertically  as  well  as  horizontally), 
faster  access  times,  lower  power  consumption,  5  Volt  only 
operation  and  other  user-friendly  features  is  imposed  by  the 
requirements  of  microcomputer  systems.  Adding 
reprogrammability  allows  in-system  programmable  memories  and 
means  increased  system  flexibility  which  opens  a  broad  new 
field  of  applications  such  as  intelligent  controllers,  self-adaptive, 
reconfiguring  and  remotely  adjustable  systems, 
programmable/adaptable  logic,  artificial  intelligence  a.s.o.  [1]. 

Whereas  5  years  ago  at  the  time  of  the  introduction  of  16 
kbit  Electrically  Erasable  PROM's  (EEPROM)  parts,  many 
analysts  optimistically  projected  that  by  1990  EEPROM's  would 
have  displaced  UV- Erasable  PROM's  (EPROM)  as  the  standard 
program  storage  medium  in  microprocessor  based  systems,  the 
EEPROM  market  has  not  taken  off  as  expected.  Figure  1 
compares  projections  made  in  1964  and  1986  for  the  worldwide 
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Figure  1.  Comparison  of  estimates  in  1984  and  1986  of  the 
global  sales  of  EPROM  and  EEPROM 

EEPROM  and  EPROM  market  Whereas  the  UV-EPROM  market 
had  seen  a  steady  growth,  the  predicted  rise  for  EEPROM's  In 


1985  has  not  been  realized.  New  estimates  made  in  1986 
however  predict  a  definite  break-through  by  1990.  The  reasons 
why  the  EEPROM  market  has  not  grown  as  predicted  have 
mainly  to  do  with  the  high  cost  of  the  EEPROM's  as  compared  to 
EPROM's  of  the  same  memory  density  and  the  lack  of  real  large 
scale  applications  for  EEPROM.  The  higher  cost  is  greatly  due 
to  the  larger  cell  size  of  EEPROM's  (typically  a  factor  of  4).  The 
traditional  EEPROM  cell  needs  at  least  2  transistors,  a  floating 
gate  structure  for  programming  and  a  select  device.  The  result  is 
that  as  far  as  density  is  concerned  conventional  (ful  feature) 
EEPROM's  are  at  least  one  generation  behind  single  transistor 
EPROM's,  as  is  shown  in  figure  2. 
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Figure  2.  Present  and  expected  level  of  Integration  of  EPROM 
and  EEPROM  parts 

However,  in  their  search  for  non-volatile  devices  that 
would  still  be  electrically  erasable  but  as  cost-effective  as 
EPROM,  manufacturers  have  come  up  recently  with  single 
transistor  EEPROM  solutions  which  combine  concepts  of 
EPROM  and  conventional  EEPROM  and  are  called 
Flash-EEPROM  [2,3]  because  al  the  memory  contents  of  the 
device  are  erased  at  the  same  time.  Whereas  the  cel  size  Is  now 
comparable  to  that  of  UV-EPROM,  the  device  stN  retains  a  lot  of 
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EEPROM  features  although  endurance  remains  unproven  and 
Is  probably  limited  to  under  1000  cycles.  The  cost  of  Flash- 
EEPROM  wtt  probably  also  become  comparable  to  that  of 
UV-EPROM  because  a  plastic  package  can  now  be  used 
instead  of  the  expensive  package  with  a  window.  The  1986 
prediction  shown  In  figure  1  therefore  seems  more  realistic 
considering  that  the  Flash  parts  will  probably  make  out  the 
majority  of  the  EEPROM  products.  At  the  same  time  the  memory 
density  for  EPROM  and  FLASH-EEPROM  will  probably  become 
equal. 

The  electricaty  programmable  non-volatile  memories  can 
be  divided  as  foksws : 

(0  UV-erasable  EPROM  and  the  One  Time  Programmable 
(OTP)  device,  the  latter  being  contained  in  a  plastic  package  and 
therefore  not  reprogrammable. 

(ii)  EEPROM  parts  which  can  be  subdivided  into  three 
classes,  the  all-feature  EEPROM,  the  high  speed  EEPROM  and 
the  Flash-EEPROM.  The  fully  featured  part  offers  al  kinds  of 
user-friendly  features  [1]  and  is  the  most  sophisticated  from  the 
point  of  view  of  circuit  design.  The  high  speed  EEPROM's  often 
offer  less  features  (also  smaller  densities)  but  try  to  compete 
with  bipolar  products  In  speed  with  access  times  in  the  range  of 
30-50  nsec  but  of  course  with  lower  power  consumption. 

(Ill)  Non-Vo'aOto  RAM  (NOVRAM)  which  combines  the 
non-volatility  of  the  EEPROM  with  the  ease  of  use  and  fast 
programming  of  static  RAM.  The  content  In  the  RAM  section  is 
transferred  to  the  non-volatile  EEPROM  portion  at  power  down 
or  power  failure. 

The  state-of-the-art  technologies  for  non-volatile 
semiconductor  memories  are  the  SNOS  (silicon-nitride 
oxide-silicon)  and  the  floating  gate  type  memories.  In  this  paper 
these  two  technologies  and  the  different  cell  structures,  cell 
concepts  and  operation  mechanisms  are  reviewed  and 
compared.  The  emphasis  In  this  paper  Is  on  the  device  aspects 
of  non-volatile  memories.  Although  as  discussed  before, 
EPROM  remains  the  non-volatile  memory  market  leader,  Its 
development  has  been  rather  straightforward  up  to  the  1  Mbit 
level  in  line  with  the  applied  scaling  practices,  with  the  most 
advanced  1  Mbit  EPROM  today  using  1-1.2  pm  CMOS 
technology  [4],  Therefore  this  paper  wilt  mainly  treat  the 
EEPROM  technologies  and  devices  which  are  the  most 
sophisticated  In  their  physical  principle  of  operation.  For  the 
EPROM  devices  only  some  new  approaches  necessary  for 
higher  density  parts  wi  be  dtocussed. 

First  in  section  2  the  different  EEPROM  technologies  and 


devices  wll  be  discussed  separately  wlh  emphasis  on  their 
operation  mechanisms,  their  advantages  and  limitations  and  the 
problems  related  to  further  scalng.  A  comparison  will  be  made 
between  the  different  technologies  and  approaches  and  new 
alternative  cell  concepts  will  be  presented.  In  section  3  the 
reliability  Issues  related  to  the  different  technologies  and 
devices  win  be  treated  and  finally  some  perspectives  will  be 
given. 

2.  EEPROM  TECHNOLOGIES  AND  DEVICES 

2.1  The  SNOS  device 

MNOS  memories  were  invented  20  years  ago  [5]  and  are  in 
fact  the  first  truly  electrically  alterable  non-volatile  semiconductor 
(EAROM)  devices.  By  1975  p-channel  MNOS  EAROM  with 
densities  of  up  to  8  kbit  were  available  which  used  a  1  transistor 
per  bit  configuration  based  on  the  so-called  trigate  transistor  cell 
concept  [6].  These  memories  suffered  from  low  speed,  limited 
density,  inherent  read  disturbance  and  the  need  for  2  or  3 
voltage  supplies.  An  important  break-through  was  achieved  for 
MNOS  in  1980  with  the  development  of  the  n-channel  SNOS 
process  f7]  which  resulted  in  the  first  16  kbit  SNOS-EEPROM 
[8].  The  reliability  of  the  SNOS  technology  was  mainly  based  on 
the  use  of  Low  Pressure  CVD  silicon  nitride  and  a 
pre-metallization  high  temperature  hydrogen  anneal  [9- 12). 

A  cross  section  of  the  SNOS  cell  which  is  still  used  in 
todays  64  and  256  kbit  SNOS  EEPROM  parts  is  shown  in  figure 

3.  A  two  transistor  per  bit  configuration  is  used  where  the  MOS 
transistor  acts  as  the  select  device  whose  implementation  has 
allowed  to  completely  eliminate  the  problem  of  read  disturbance 
[8].  The  SNOS  transistor  consists  of  a  silicon  nitride  layer  (20-40 
nm)  dn  top  of  an  ultra  thin  oxide  (UTO,  2  nm)  on  silicon.  Because 
the  SNOS  transistor  is  in  fact  a  two  polarity  device,  necessitating 
the  application  of  memory  buk  voltages,  an  isolation  of  the 
memory  bulk  from  the  peripheral  circuitry  bulk  is  required.  The 
most  common  approach  Is  to  use  separate  p-wells  for  the 
peripheral  MO$  circuits  and  the  memory  array.  Providing 
separate  wells  within  the  memory  array  will  then  allow  full  byte 
function. 

The  non-volatHe  function  of  the  SNOS  device  is  based  on 
the  charge  storage  In  discrete  traps  in  the  nitride  layer.  Net 
positive  or  negative  charge  can  be  stored  in  almost  equal 
amounts  In  LPCVD  nitrides.  The  programming  of  the  memory 
cell  is  as  follows:  during  the  write  operation  a  high  voltage  is 
applied  to  the  gate  while  the  well  Is  grounded.  Electrons  will 
tunnel  from  the  silicon  conduction  band  into  the  silicon  nitride 
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Figure  3.  Cross  section  of  SNOS  cell  used  In  64  kbit  EEPROM 

conduction  band  by  modified  Fowler-Nordheim  tunneling  and 
will  be  trapped  in  the  nitride  traps  resulting  in  a  positive 
threshold  voltage  shift.  Erasing  is  achieved  by  grounding  the 
gate  and  applying  a  high  voltage  to  the  wefl.  This  will  induce 
direct  tunneling  of  holes  from  the  silicon  valence  band  into  the 
nitride  traps  [13-14]  resulting  in  a  negative  threshold  voltage. 
During  the  off-state,  the  gate  is  grounded  and  the  select 
transistor  is  required  for  proper  operation  within  the  array. 
Reading  of  the  cel  is  done  by  addressing  the  cell  through  the 
select  transistor  and  by  sensing  the  state  of  the  SNOS 
transistor.  Although  the  gate  is  grounded,  the  charge  content 
within  the  nitride  will  be  modified  in  time  due  to  chaige  leak 
through  the  UTO  oxide  (see  section  3). 

It  was  shown  by  Hagiwara  et  al  [14]  that  the  integrity  of 
nitride  layers  can  be  guaranteed  to  thicknesses  below  20  nm. 
Scaling  of  SNOS  devices  which  must  be  carried  out  in  parallel  to 
the  scaling  down  of  the  peripheral  MOS  transistors  is 
straightforward  up  to  memory  densities  of  about  256  kbit.  Table  I 
shows  the  scaling  scheme  of  Yatsuda  [13-15]  which  is  based 


TABLE  I.  Scaling  scheme  of  SNOS 


item 

16  k 

(k-1) 

64  k 

(k-1. 5) 

266  k 

(k-2.5) 

SF 

TECHNOLOGY  (pm) 

3 

2 

1.2 
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400 
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60 
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75 

50 

30 
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50 

32 

20 

k-1.1 

:  Vw<">1 

2.1 

2.0 

1.9 

k-0.1 

Program.  Voltage  (V) 

25 

16 

10 

k-1.1 

on  a  reduction  of  the  dimensions  almost  in  proportion  to  the 
program  voltage  except  for  the  UTO.  In  order  to  conserve  a 
constant  programming  time  the  UTO  thickness  has  to  be 


reduced  sflghtly.  A  256  kbit  version  with  a  1.2  pm  technology 
has  a  20  nm  thick  ntrtde  layer  and  a  programming  voltage  of  only 
10  V.  Hole  injection  from  the  gate  can  however  seriously  Omit 
the  memory  window  [13,16-18],  a  problem  which  becomes 
more  severe  for  thinner  nitride  layers.  An  efficient  way  of 
blocking  this  Injection  is  to  provide  a  thin  oxide  (2-3  nm)  on  top 
of  the  nitride  yielding  the  so-called  SONOS  device  [19]  (figure 
4b  vs  4a).  This  oxide  can  be  formed  by  steam  oxidation  of  the 
nitride  at  the  expense  of  the  nitride  thickness,  or  by  deposition. 
The  blocking  efficiency  of  this  top  layer  has  been  proven  for 
both  types  of  oxide  [13,19,20].  However,  when  thinning  the 


Figure  4.  Scaling  concepts  for  SONOS  devices 

nitride  below  20  nm  another  problem  arises.  It  is  well  known  that 
the  trapping  length  in  nitrides  is  larger  for  holes  than  for 
electrons,  i.e.  typically  15-20  nm  for  holes  [21 ,22]  and  5-10  nm 
for  electrons  [22,23].  When  reducing  the  nitride  thickness  holes 
will  therefore  be  trapped  close  to  the  gate  and  will  in  fact  be 
mostly  lost  through  the  gate  electrode,  even  in  the  presence  of 
the  thin  top  oxide.  This  will  result  in  a  significant  reduction  of  the 
threshold  voltage  In  the  erased  state. 

Therefore  further  scaling  of  the  SNOS  device  for  higher 
density  memories  and  lower  programming  voltages  will  require  a 
new  device  concept.  This  has  been  proposed  by  Suzuki  et  ai 
[24]  and  is  now  in  development  [25,26].  The  new  SONOS 
concept  is  shown  in  figure  4c  and  consists  of  a  UTO  of  the  same 
thickness  as  before,  a  thin  nitride  layer(<  10  nm)  and  a  thicker 
top  oxide  (>  3  nm).  The  aim  of  the  latter  is  not  only  to  Inhibit  gate 
injection  but  also  to  block  the  charges  injected  from  the  silicon  at 
the  top  oxide-nitride  interface  resulting  in  a  higher  trapping 
efficiency  and  thus  reducing  the  problem  related  to  nitride  layer 
reduction.  In  this  way  the  total  thickness  of  the  insulator 
structure  can  be  reduced  and  consequently  also  the 
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programming  voltage.  The  new  device  shows  additional 
achwtages :  larger  oxygen  related  electron  trap  densities  at  the 
nitride-top  oxide  interface  due  to  the  oxidation  of  the  nitride  [27] 
and  which  wtt  result  in  a  larger  memory  window  in  spite  of  the 
decreased  nitride  thickness.  For  a  constant  top  oxide  layer 
thickness  this  will  eventually  make  die  threshold  of  the  written 
state  independent  of  the  nitride  thickness  [26].  Next  if  pinholes 
would  be  present  in  the  thinner  nitride  layer,  they  would  be  filled 
with  oxide  afterwards  during  the  oxidation  of  the  nitride.  Finally 
the  retention  and  degradation  behaviour  are  improved  as  will  be 
discussed  in  section  3.  Low  voltage  operation  down  to  5  V  has 
already  been  demonstrated  [281  for  a  nitride  of  3  nm  and  a 
blocking  oxide  of  5.5  nm.  It  seems  that  although  optimization  of 
the  process  and  structure  is  still  required,  the  application  of  this 
SONOS  cell  concept  will  allow  the  realization  of  memories  with 
densities  in  the  Mbit  range. 

Finally  SNOS  memories  have  two  features  which  are  worth 
mentioning  since  they  have  made  this  technology  the  first 
choice  in  military  and  space  applications  requiring  non-volatility. 
The  first  one  is  their  inherent  radiation  hardness  and  the  second 
the  adjustable  nature  of  their  memory  properties.  SNOS  devices 
are  inherently  hard  essentially  because  unlfce  silicon  dioxide, 
the  mobilities  of  electrons  and  holes  are  not  much  different  in 
nitrides  .  so  that  when  exposed  to  ionizing  radiation  both 
generated  carriers  can  be  swept  rapidly  out  of  the  insulator 
resulting  in  a  negligible  amount  of  trapped  charge  [29]. 
Acceptable  shifts  for  total  radiation  dose  up  to  Megarad  (Si)  at  77 
°K  have  been  obtained  for  SNOS  structures  [30].  Reduction  of 
the  programming  voltages  and  the  abscence  of  thick  oxide  parts 
in  the  newer  SNOS  devices  has  improved  their  radiation 
hardness.  Anyhow,  special  techniques  are  required  and  have 
been  developed  to  harden  the  SNOS/MOS  or  S NOS/CMOS 
combination  [31 .32].  For  the  new  scaled  down  SONOS  devices 
discussed  above,  the  inherent  nutation  hardness  is  however  a 
matter  of  concern  in  view  of  the  increasing  dominance  of  the 
SK>2  parts  in  this  device  .  For  the  first  generation  SONOS 
devices  (figure  4b)  however  radiation  hardness  a  still  preserved 
[33]. 

The  second  feature  is  that  SNOS  devices  can  be  adjusted 
to  the  envisaged  application  :  very  slow  programming  (1-100 
msec)  for  long  non- volatile  retention  (years,  EEPROM  function) 
or  fast  programming  (1-10  psac)  for  talked  non-volatile  retention 
(houre-days,  NVRAM  function)  [33]. 


2.2  Floating  gate  memory  devices. 

The  first  floating  gate  memory  was  proposed  in  1967  [34]. 
The  first  working  devices  were  developed  in  1971  [35]  ;  the 
programming  was  based  on  the  injection  of  high  energetic 
electrons  from  an  avalanche  plasma  in  the  drain  region.  However 
this  programming  process  is  inefficient  and  erasure  was  only 
possible  by  UV  or  X-ray  irradiation.  These  first  memory  devices 
were  all  p-channel  devices  ;  in  n -channel  devices,  avalanching 
the  drain  only  yields  hole  injection,  which  is  even  far  less 
efficient.  This  has  found  application  [36],  but  this  approach  has 
been  abandoned  soon  in  favour  of  other,  less  power 
consuming  programming  mechanisms. 

Nowadays,  three  different  mechanisms  are  used  to 
change  the  amount  of  charge  on  the  floating  gate  : 
Fowler-Nordheim  tunneling  (FN)  through  thin  oxides  (<12  nm) 
[37],  enhanced  Fowler-Nordheim  tunneling  through  polyoxides 
[38,39]  and  channel  hot  electrons  (CHE)  [40,41]. 
Fowler-Nordheim  tunneling  requires  injection  fields  of  the  order 
of  10  MV/cm  to  narrow  the  Si-SiC>2  barrier  so  that  electrons  can 
tunnel  from  the  Si  conduction  band  into  the  SK>2.  In  thin  oxides 
the  injection  field  is  equal  to  the  average  field  in  the  Si02 
whereas  in  polyoxides  the  field  at  the  injecting  interface  is  much 
larger  than  the  average  oxide  field  due  to  field  enhancement  at 
asperities  on  the  polysilicon  surface.  Average  oxide  fields  of  the 
order  of  2  MV/cm  are  sufficient  to  yield  injection  fields  of  the 
order  of  10  MV/cm.  However,  the  injection  will  be  enhanced 
only  for  one  tunnel  direction.  Channel  hot  electrons  are  created 
in  the  high  electric  field  near  the  drain  junction.  If  the  oxide  field 
favours  injection,  electrons  can  be  transported  from  the 
substrate  to  the  floating  gate.  CHE  injection  can  only  bring 
electrons  onto  the  floating  gate  ;  by  tunneling,  electrons  can 
also  be  removed  from  the  floating  gate.  Figure  5  shows  the  six 
possible  combinations  that  could  be  devised  to  obtain 
non-volatile  floating  gate  memories  and  indicates  how  these 
devices  are  programmed.  Table  II  summarizes  al  their  features. 

Thin  tunnel  oxides  are  difficult  to  achieve  without  defects. 
The  growth  of  textured  polyoxides  has  to  be  carefully  controlled 
in  order  to  obtain  the  desired  interface  features  (shape,  size  of 
the  asperities)  which  determine  the  injection  current 
characteristics.  Wearout  features  are  much  dependent  on  the 
achieved  potysltk»n-Si02  interface.  CHE  injection  finally  can  be 
optimized  by  adjusting  the  substrate  doping.  However, 
degradation  of  the  transistor  characteristics  is  unavoidable  with 
this  programming  mechanism  [42].  Memory  cells  that  use  a 
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Figure  5.  The  six  possble  non-volatile  floating  gate  memory  structures  and  the  way  they  are  being 
programmed. 


Table  II  Feature*  of  the  six  memory  cell*  of  figure  5. 


a  FLOTOX 

EEPROMf ASIC/Logic 

fa  Tex-Thinox 

EEPROM/F-EEPROM 

c  CHE-Thinox 

EEPROMIF-EEPROMTASIC 

•  compatability 

•  low  development 

entry  cost 

•  passible  with  1 

poly  layer 

•  large  cell 

•  difficult  scaling 

•  thinox  defect  density 

•  small  cell 

•  easily  scalable 

•  low  progr.  power 

•  complex  cell 

•  2  progr.  mechanisms 

-thinox  (defects) 
-polyoxide  (wearout) 

•  small  cell 

•  relativly  simple 

cell 

•  easily  scalable 

•  high  progr.  power 

•  2  progr.  mechanisms 

-thinox  (defects) 

-CHE  (degradation) 

•  ??  endurance  ?? 

of  Thinox-Tex 

EEPROMfF-EEPROM 

a  TPFG 

EEPROkVASC 

f  CHE-Tex 

EEPROM/EPROM/ASIC 

•  low  progr.  power 

•large  cell 

•  scaling  difficulties 

•  2  progr.  mechanisms 

-thinox  (defects) 
-polyoxide  (wearout) 

•  thick  oxide 

•  small  can 

•  low  progr.  power 

•  direct  write 

•  easily  scalable 

•  complex  cell 

•  higher  prog,  voltage 

-trap-up 

-window  variation 

•  critical  tunnel  oxide 

•  small  cell 

•  thick  oxide 

•  easily  scalable 

•  high  progr.  power 

•  2  progr.  mechanisms 

-polyoxlde  (wearout) 
-CHE  (degradation) 

different  mechanism  for  erasing  and  for  writing  of  the  cell,  are 
technologically  more  difficult  to  optimize. 

Because  lor  memory  cells  that  use  thin  oxides,  the 
infection  field  equals  the  average  oxide  field,  these  cells  need  a 
large  coupling  between  the  floating  gate  and  externally 
controlled  terminals  of  the  device.  The  high  gate  capacitance  of 
the  sense  transistor  can  be  used  for  this  purpose  during  the 
programming  operation  that  lowers  the  threshold  voltage.  If  only 
this  operation  uses  thin  oxide  FN  tunneling,  a  snail  cell  size  can 
be  achieved  (43,44],  But  If  both  programming  operations  use 
FN  turmeflng,  large  cooping  capacitance  areas  are  needed  [45]. 


Polyoxides  are  much  thicker  and  conduct  currents  at  lower 
average  oxide  fields,  so  that  no  large  coupling  capacitance  areas 
are  needed  [46]. 

Scaling  is  often  difficult  because  of  the  complex  cell 
layouts  used.  To  allow  the  programming  voltages  to  decrease, 
thin  tunnel  oxides  should  become  even  thinner.  Thicknesses  of 
6  nm  however  are  the  limit  for  good  retention  behaviour.  But 
these  oxides  are  hard  to  grow  with  low  defect  densities.  Yield 
considerations  now  limit  the  used  oxides  at  8  to  10  nm  [47], 
Thinner  tunnel  oxides  imply  higher  capacitances  and  thus  larger 
coupling  areas.  Real  small  floating  gate  tunnel  oxide  (FLOTOX) 
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celts  are  therefore  hard  to  achieve.  The  need  for  thin  poiyoxides 
is  not  that  stringent :  the  injection  current  through  these  oxides 
is  determined  primarily  by  the  shape  and  size  of  the  asperities 
and  not  by  the  oxide  thickness  {48,49].  The  smaller  number  of 
injection  points  of  a  scaled  textured  poly  floating  gate  memory 
cell  can  however  aggravate  the  intrinsic  wearout  due  to  trap-up. 
Scaling  structures  using  CHE  can  give  new  opportunWes  to  this 
kind  of  memories.  At  smal  channel  lengths,  a  drain  voltage  of  5 
V  can  be  sufficient  to  generate  hot  electrons  [44].  Only  the  gate 
will  then  need  a  higher  voltage  for  programming.  Because  no 
large  currents  have  to  be  supplied  at  this  voltage,  the  circuit 
could  be  extemaNy  5  V-only.  In  the  latter ,  the  high  program¬ 
ming  voltage  is  generated  on  chip,  by  a  capacitive  voltage 
multiplier  [50].  This  charge-pump  can  generate  high  voltages 
but  because  of  its  very  large  output  resistance,  no  current  at 
high  voltage  can  be  allowed.  Non-volatile  memories  with  CHE 
programming  could  thus  operate  from  a  5  V  supply  voltage  But 
the  high  programming  current  remains  and  therefore  it  is  not 
likely  that  conventional  EEPROMs  (which  are  reprogrammed 
frequently)  win  be  constructed  in  this  technology. 

Of  these  six  possible  floating  gate  memory  cetts,  two  have 
never  been  used  in  commercial  products.  The  Thinox-Tex 
approach  seems  to  have  only  drawbacks  (cfr.  Table  II) :  large  cell 
areas  are  needed  due  to  the  thin  oxide  Fowler-Nordheim 
tunneling,  used  for  erasing  the  cell.  This  also  makes  the  cell 
difficult  to  scale.  The  two  different  programming  mechanisms 
enhance  the  technological  problems.  The  Tex-Thinox  cell  has  a 
rather  complex  structure  :  three  polysilicon  layers  are  needed, 
and  the  two  different  programming  mechanisms  have  to  be 
optimized  separately.  This  cell  has  not  been  used  in  com¬ 
mercial  products  either.  The  CHE-Tax  device  has  been  used  in 
the  past  [40,41],  However,  the  high  programming  power  was 
incompatible  with  externally  5  V-only  operation.  This  drawback 
could  disappear,  if  sufficient  scaling  Is  possible  :  at  very  short 
channel  lengths  (<lpm),  a  drain  voltage  of  5  V  is  sufficient  to 
generate  hot  electrons  for  programming  [44[.  The  two  different 
programming  mechanisms  however  cause  the  used  tech¬ 
nology  to  be  complex. 

The  FLOTOX  cel  is  used  in  many  commercial  products. 
One  of  the  main  reasons  for  this,  is  the  low  development  entry 
cost :  the  only  additional  process  step  in  standard  double  poly 
processes,  is  the  growth  of  the  thin  oxide.  It  is  even  possble  to 
realize  this  type  of  non-volatile  memory  in  single  poiy  processes. 
This  makes  this  cell  highly  suitable  tor  ASIC  and  logic 
applications  [51,52] :  the  drawback  of  the  larger  cell  area  is  not 


so  important  for  these  applications.  For  large  memories 
however,  further  scaling  and  the  use  of  thin  oxides  become 
madatory  if  memory  density  exceeds  the  16K  level  [47,53].  The 
use  of  new  tunnel  materials  can  obviate  some  problems  : 
oxinttrides  or  nltrided  oxides  offer  better  endurance  [54,55]  ; 
oxides  grown  on  highly  doped  injection  regions  show  higher 
tunnel  current  conductance  (see  section  2.3.). 

Textured  Poly  Floating  Tate  (TPFGjde vices  are  used  in 
large  density  memory  circuits.  The  main  difficulty  in  this 
approach,  is  the  growth  of  the  polyoxides  with  the  desired 
features.  The  used  structure  is  rather  complex :  three  polysWcon 
layers  or  two  layers  and  an  additional  bunted  contact  [56],  are 
needed.  The  accurate  alignment  of  these  layers  requires 
precise  lithography.  This  has  held  back  the  use  of  this  cell  in 
ASIC  or  logic  applications.  The  smal  cel  size  and  the  ease  of 
further  scaling  make  this  structure  however  the  best  choice 
among  the  floating  gate  devices  for  large  density  memory 
applications. 

A  recently  introduced  approach,  is  the  CHE-Thinox  cell 
(used  for  flash  EEPROM).  As  this  cell  relies  on  thin  oxide 
Fowler-Nordheim  tunneling  only  for  lowering  the  threshold 
voltage,  no  large  coupling  areas  are  needed.  Through  scaling 
one  can  obtain  a  5  V-only  product  [43,44],  However,  the  high 
programming  power  still  remains  a  drawback.  The  two  different 
programming  mechanisms  can  introduce  technological 
problems.  Endurance  could  be  poor  because  of  the  CHE 
degradation  effects ;  endurance  for  the  commercial  products  still 
remains  unproven. 

2.3  Variations  and  possible  improvements 

As  discussed  in  previous  sections,  the  three  basic 
injection  mechanisms  for  the  programming  of  floating  gate 
EEPROM  devices  can  be  and  have  been  applied  in  various 
combinations  and  memory  configurations.  However,  besides 
these  combinations,  several  variations  to  the  mechanisms 
themselves  or  to  the  cell  design  have  been  proposed  in  order  to 
yield  alternative  memory  cels  with  an  improved  performance. 

These  variations  generally  have  one  common  purpose, 
namely  to  increase  the  injection  currents  without  increasing  the 
programming  voltages,  in  this  section  these  approaches  are 
reviewed.  Whereas  some  of  them  are  merely  new  ideas  with  a 
possible  chance  for  future  application,  others  have  already  been 
implemented  in  real  memory  circuits. 

The  Injection  of  hot  electrons  is  a  very  inefficient  process, 
due  to  the  fact  that  a  proper  biasing  condition  for  hot  electron 


Figure  6.  Three  alternatives  to  Increase  the  hot  election  Injection  efficiency,  a)  PACMOS-cell;  b)  side-wall 
floating  gate  cel;  c)  source  side  injection  cel. 


oeneralion  does  not  go  together  with  a  favourable  condition  for  the  source-side  injection,  shown  on  fig.  6.c  [59].  It  uses  a 

oxide  injection.  In  practice,  very  high  drain  and  gate  voltages  are  side-wall  gate  and  a  conventional  stacked  gate  structure.  Under 

needed,  and  the  injection  efficiency  is  very  low.  Alternatives  the  spacer  oxide  between  the  side-wall  gate  and  the  stacked 
should  be  based  on  creating  a  high  hot  electron  generating  gates,  a  weak  gate  control  region  is  formed.  This  creates  a  high 

electric  field  in  the  channel  and  simultaneously  a  favourable  channel  field,  located  near  the  source,  where  the  oxide  field  is 

oxide  injection  field  at  the  site  of  the  hot  electron  generation.  highly  favorable  for  injection.  The  injection  efficiency  of  this  cell 

Several  solutions  that  meet  these  requirements  have  (teen  fs  in  the  order  of  10'5  to  10"6. 

proposed.  For  the  tunneling  mechanism,  several  possibilities  can  be 

In  one  approach  this  has  been  achieved  by  using  a  dual  considered  to  increase  the  injection  efficiency  without  changing 
gate  structure,  as  shown  on  fig.  6.a  [57] .  By  keeping  the  first  the  programming  voltage:  reducing  the  oxide  thickness, 

gate,  which  acts  as  a  select  gate,  at  a  voltage  close  to  the  reducing  the  oxide  injection  barrier  or  increasing  the  coupling 

threshold  volage,  while  biasing  the  second  (floating)  gate  to  a  factor  between  control  and  floating  gate  without  needing  too 
high  voltage  (via  capacitive  coupling  from  the  drain),  a  strong  large  cell  areas. 

potential  drop  is  caused  Hi  the  center  of  the  channel  where  Reducing  the  tunnel  oxide  thickness  however  puts  severe 

neither  of  both  gates  are  controlling  the  channel  potential.  The  constraints  on  the  device  reliability  due  to  direct  tunneling 
injection  occurs  at  this  site,  and  simulations  have  demonstrated  leakage  problems  and  the  enhanced  problem  of  layer  integrity, 

that  the  maximum  current  path  is  directed  perpendicular  to  the  Reducing  the  tunnel  oxide  barrier  has  been  obtained  e.g  by 

interface.  The  injection  efficiency  could  be  increased  from  10'7  using  Si-rich  SiC>2  [60]  or  nitrides  [61],  In  fact,  also  the  use  of 

for  the  conventional  hot  electron  injection  to  10'3  for  the  textured  poly-oxide,  that  was  already  discussed,  is  one  of  the 

PACMOS  cell  (perpendicularly  accelerating  channel  injection  possible  solutions  that  has  become  successful.  Another 

MOS).  possibility  Is  to  grow  the  thin  tunnel  oxide  on  a  highly  eloped 

Another  approach  uses  a  side-wall  floating  gate  structure,  n-type  SI  substrate.  In  this  way.  the  energy  barrier  can  be 

as  illustrated  on  fig.  6.b  [58].  Instead  of  controlling  the  whole  reduced  from  about  3.1  eV  down  to  1.8  eV,  allowing 

channel  region,  the  skte-wal  floating  gate  is  only  controlling  a  programming  voltages  of  only  12V  with  tunnel  oxides  of  I4nm 

smal  part  of  the  channel.  During  programming,  the  junction  at  [62,63]. 

the  side-wal  floating  gate  is  used  as  the  drain,  in  order  to  Inject  Increasing  the  coupling  factor  can  also  be  obtained  in 

electrons  on  the  floating  gate.  During  reading,  the  same  several  ways.  One  of  the  possibilities  is  illustrated  on  fig.  7 
junction  ie  used  as  source,  and  the  floating  gate  Is  now  (Shielded  substrate  injection  MOS).  The  floating  gate  is 

corerolling  the  flow  of  carriers  from  this  junction  into  the  shielded  from  the  substrate  by  the  control  gate  [64].  In  this  way. 

channel.  This  has  the  additional  advantage  that  the  cell  has  a  the  coupling  factor  from  control  to  floating  gate  can  be  increased 

very  good  tolerance  to  unexpected  programming  during  without  needing  a  large  control  to  floating  gate  overlap  area.  At 

reading,  because  the  hot  electrons  In  that  case  are  generated  at  the  same  time,  the  control  gate  between  the  floating  gate  and 

the  aide  of  the  channel  opposite  to  where  the  floating  gate  is  the  substrate  acts  as  the  serial  read  transistor,  which  reduces 

situated.  the  cell  area  even  more.  In  this  way,  an  Improved  coupling  factor 

A  third  approach  that  was  proposed  to  increase  the  and  a  reduced  cell  area  are  combined.  This  type  of  cell  takes 

Injection  efficiency  of  the  hot  electron  injection  mechanism  is  only  about  a  quarter  of  the  area  of  the  larger  cells  (FLOTOX). 
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Figure  7.  Shielded  substrate  infection  memory  cell.  The 
floating  gate  is  shielded  from  the  substrate  by  the  shielding 
gate,  which  acts  at  the  same  time  as  control  gate. 


Figure  9.  SONOS  EEPROM  cell.  Writing  occurs  through  hot 
electron  injection,  erasing  by  hot  hole  injection.  The  need  of 
a  selection  transistor  is  avoided. 


Another  approach  to  increase  the  coupling  factor  is  to  replace 
the  couple  capacitor  of  the  conventional  stacked  gate  structure 
by  one  that  is  formed  by  a  tunnel-oxide  MOS  capacitor  (fig.  8) 
[51 J. 

Finaly,  we  mention  the  idea  of  a  single  transistor  SONOS 
EEPROM  cel,  as  i lustrated  on  fig.  9  [65].  This  is  a  conventional 
SONOS  cell,  but  it  uses  the  programming  mechanisms  of  a 
floating  gate  cell  (hot  electrons  and  hot  holes).  This  leads  to 
several  attractive  features:  injected  electrons  or  holes  are  only 
stored  in  the  nitride  at  the  drainside,  and  consequently  no 
selection  transistor  is  needed.  The  cell  area  can  be  minimal, 
while  the  cell  has  much  better  retention  characteristics  than 
conventional  SNOS  memory  cells,  due  to  the  use  of  a  thicker 
oxide  layer. 


Figure  8.  Single  poly  memory  cel.  The  voltages  are  coupled 
to  the  floating  gate  via  the  n+-dlfuslon,  which  acts  as  control 
gate. 

3.  RELIABILITY  A8PECTS 
3.1.  SNOS  devices 

The  two  important  reliability  issues  for  the  SNOS 
technology  are  the  information  retention  and  the  Write/Erase 
endurance. 


The  threshold  voltage  of  the  programmed  SNOS  device 
decreases  in  time,  which  can  be  ascribed  to  loss  of  net  charge  in 
the  nitride  layer  either  by  backtunneling  to  the  silicon  bands 
[66,67]  or  by  injection  from  the  silicon  into  the  nitride  of  carriers 
of  the  opposite  type  [68]  and/or  by  redistribution  of  the  charge 
in  the  nitride  layer  [69]. 

The  loss  by  backtunneling  can  be  reduced  by  an 
appropriate  hydrogen  anneal  step  [11.14]  by  which  the 
interface  state  density  is  strongly  decreased  [70].  For 
conventional  SNOS  and  SONOS  devices  the  threshold  voltage 
decay  is  logarithmic  in  time  and  from  extrapolation  of  the  data 
taken  over  several  decades  of  time,  retention  times  of  well  over 
10  years  can  be  expected,  even  at  elevated  temperatures. 
Furthermore  a  slow  down  of  the  decay  rate  is  observed  for 
longer  times  [26,68],  For  the  scaled  down  SONOS  device  it  is 
not  dear  at  present  whether  the  further  scaling  will  really  improve 
the  retention  behaviour  as  has  been  predicted  [26].  If  in  this 
scaled  down  SONOS  device  the  major  contribution  to  the 
threshold  voltage  shift  Is  made  up  by  the  charge  stored  at  the 
top  oxide-nitride  interlace,  backtunneling  can  indeed  be 
expected  to  strongly  decrease.  However  in  this  case  injection 
from  the  silicon  and  compensation  of  the  stored  charge  could 
become  a  major  issue  of  concern  [68]  in  view  of  the  high  (> 
2MV/cm)  fields  that  will  be  reached  in  the  tunneling  oxide  for 
stored  charges  in  the  order  of  1012-1013  cm*2. 

Endurance  Is  defined  as  the  ability  of  the  device  to  perform 
as  specified  without  degradation  when  subjected  to  repeated 
Write/Erase  cycling.  In  conventional  SNOS  devices  it  has  been 
shown  that  the  degradation  is  primarily  caused  by  hole  transport 
through  the  tunneling  oxide  [71,72]  by  which  hole  traps  are 
created  in  the  oxide  and  interface  states  are  generated  [70.73], 
resulting  In  shifts  of  the  threshold  voltage  and  reduced 
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retention.  It  was  shown  recently  that  the  hole  transport  towards 
the  silicon  is  the  most  damaging  [72].  This  explains  why 
reduction  of  hole  injection  from  the  gate  in  SON  OS  devices  has 
given  rise  to  improved  endurance  [13].  For  the  scaled  down 
SONOS  structure,  hole  injection  Is  almost  eliminated  and 
consequently  even  better  endurance  can  be  expected.  This 
has  been  contirmed  recently  on  ultrathin  SONOS  structures  (2 
nm  Si02,  8.5  nm  Si3N4,  5  nm  Si02)  which  showed  no 
noticeable  degradation  after  107 10  V  (E/W)  pulse  cycles  [74], 

3.2.  Floating  gate  devices. 

Under  5  V  operation  non-volatile  memories  show  a  failure 
rate  below  other  semiconductor  memories  [47] :  non-volatile 
technologies  are  designed  to  handle  high  voltages.  High 
voltage  screening  (simply  cycling  the  devices  a  few  times)  is 
sufficient  to  detect  defect  gate  oxides.  Floating  gate  memories 
suffer  from  a  lower  failure  rate  due  to  a-partidea  than  volatile 
memories,  since  the  charge  is  stored  on  a  floating  gate  which  is 
less  susceptible  to  a -particle  induced  electron-hole  pairs  [75], 
Reliability  of  non-volatile  memories  is  thus  foremostly 
determined  by  the  non-volatile  programming  operations. 

For  floating  gate  devices  there  is  no  intrinsic  retention 
problem  [47]  :  retention  is  only  limited  by  defect  densities. 
Defects  can  be  activated  by  the  stress  the  oxide  layer  under¬ 
goes  in  a  high  temperature  bake  or  from  a  large  number  of 
programming  cycles  [76],  A  lot  of  endurance  failures  are  thus 
retention  failures. 

Program/erase  endurance  of  floating  gate  devices  is 
determined  by  4  phenomena:  tunnel  oxide  breakdown,  gate 
oxide  breakdown,  trap-up  and  degradation  of  the  sense 
transistor  characteristics.  Whereas  the  first  two  are  self 
explaining,  trap-up  is  defined  as  the  trapping  of  electrons  in  the 
oxide  during  programming  operations.  This  causes  the  Injection 
currents  to  decrease.  Degradation  ol  the  transistor 
characteristics  occurs  when  CHE  injection  is  used  for 
programming  [42].  CHE  injection  is  mostly  used  in  EPROM 
where  endurance  is  restricted  to  a  low  number  of  cycles.  For  the 
recently  introduced  EEPROM  devices  using  CHE  injection 
[43,44],  no  endurance  characteristics  are  yet  available.  Fowter- 
Nordheim  injection  also  causes  degradation  of  the  transistor 
characteristics,  but  most  of  the  devices  make  use  of  a  separate 
tunnel  area,  leaving  the  sense  transistor  unaffected  by  the 
programming  operations. 

The  reliability  problems  are  now  discussed  for  the  two 
presently  used  EEPROM  approaches.  FLOTOX  memories 


show  a  broad  random-life  faOure  rate  distribution  with  an  almost 
flat  faRure  rate  [47];  textured  poly  floating  gate  devices  (TPFG) 
have  fewer  random-lie  failures  but  a  sharper  wearout  beyond  a 
number  of  cycles  (see  figure  10,  [47]).  The  failure  rate  due  to 
tunnel  oxide  breakdown  is  determined  by  defects  in  the  oxide. 
A  low  percentage  of  the  memory  cells  contain  defective  tunnel 
oxides  which  become  increasingly  leaky  (the  cell  fails  to  retain 
data)  with  cycling,  until  breakdown  occurs.  This  phenomenon  is 
responsible  for  almost  all  FLOTOX  endurance  failures  [47,53]. 
The  thicker  tunnel  oxide  of  the  TPFG  devices  contains  less 
defects  ;  half  ot  the  pre-wearout  failures  is  caused  by  the  oxide 
breakdown,  but  the  failure  rate  is  far  less  than  for  the  FLOTOX 
type  devices  [47,53]. 


Cycles  (thousands) 

Figure  10.  Endurance  comparison  of  FLOTOX  and  TPFG  16  kBit 
memories  (ref.  47). 

Programming  puts  high  voltage  stress  on  both  the  cell  and 
the  logic  circuitry,  causing  defective  gate  oxides  to  break  down. 
This  accounts  for  half  of  the  failures  before  the  onset  of  wearout 
ot  TPFG  device  and  some  of  the  early  life  failures  in  FLOTOX 
devices  [47,53]. 

T rap-up  is  seen  to  be  the  dominant  endurance  limitation  in 
TPFG  memories  :  the  thick  tunnel  oxide  combined  with  the  local 
high  tunnel  injection  current  densities  and  the  low  average  field 
in  the  tunnel  oxide,  are  causing  a  local  high  trapping  rate  [48]. 
Variation  In  the  programming  characteristics,  even  between 
adjacent  bits,  must  be  compensated  by  a  higher  programming 
voltage,  causing  even  more  trap-up.  This  explains  the  high 
failure  rate  after  some  number  of  programming  cycles.  The 
trap-up  reduces  however  the  chance  for  oxide  breakdown,  by 
screening  the  spots  with  high  conductivity.  FLOTOX  devices 
(thin  tunnel  oxide,  high  field,  uniform  injection)  suffer  less  from 
trap-up. 
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In  scaling  FLOTOX  devices,  the  thin  tunnel  oxide  area  Is 
reduced,  and  so  are  the  defect  related  endurance  problems ;  on 
the  other  hand,  thinning  the  tunnel  oxide  wil  again  enlarge  the 
problems  [47,531.  New  materials  Hke  oxinttride  or  nltrided  oxides 
can  offer  improved  integrity  of  thin  tunnel  Urns  [54,55].  Scaled 
TPFG  devices  wit)  show  a  larger  variation  of  program/erase 
voltages  due  to  the  smaller  number  of  injecting  points  per  cell. 
Therefore  the  programming  voltage  should  be  increased, 
aggravating  trap-up  problems.  Thinning  the  oxides  however  will 
lower  the  trap-up  rate  [49]. 

Due  to  the  defect-related  nature  of  the  failures  of  FLOTOX 
devices,  they  will  be  best  suited  for  low-density  applications 
(small  memories,  ASIC)  [77],  TPFG  devices  suffer  from  an 
intrinsic  wearout  failure  mechanism  that,  once  taken  care  of,  has 
only  a  small  dependence  on  memory  size  (due  to  the 
dependence  of  the  worst  bit  window  on  the  number  of 
bits/chip)[47].  High  density  memories  with  the  same  reliability 
features  can  be  made.  Screening  via  program/erase  cycling  is 
useful  for  reducing  early  life  failures,  but  the  fairly  flat  random-life 
failure  rate  of  the  FLOTOX  devices  prevents  this  screening  from 
being  fully  effective  [47]. 

4.  COMPARISON  OF  THE  EEPROM  APPROACHES 
AND  TECHNOLOGIES 

As  has  become  clear  from  the  previous  sections,  the 
different  technologies  and  memory  approaches  have  merits  and 
drawbacks.  The  progress  made  in  the  physical  understanding  of 
the  different  programming  mechanisms,  the  mastering  of  the 
technology  and  the  capability  of  adapting  the  technology  and 
the  device  to  a  specific  application  is  such  that  any  technology 
or  approach  could  be  used  or  engineered  for  almost  any 
applicatipn,  provided  sufficient  effort  is  put  into  the 
development.  However  other  criteria  such  as  the  development 
entry  cost,  being  the  amount  of  extra  effort  required  to  bring  up 
a  new  technology  [77],  compatibility  with  standard  technology, 
background  in  the  technology,  environmental  requirements, 
a.s.o.  are  factors  that  will  greatly  Influence  and  determine  the 
selection  of  a  particular  technology  or  approach. 

In  Table  III  4  technologies  or  approaches  (SNOS,  Textured 
poly  (TP),  FLOTOX  and  Flash-EEPROM  using  CHE  and 
Fowler-Nordheim  tunneling)  are  compared  against  a  number  of 
criteria. 


Table  III :  Comparison  of  NV-ap proaches 


Criteria 

SNOS 

TP 

FLOTOX 

Flash 

•  Scaled  cell  size 

+ 

+ 

- 

++ 

•  Voltage  scaling 

++ 

+ 

- 

+ 

•  Complex. of  technology 

H 

H 

L 

L 

•  Compatib.  with  stand.  T. 

0 

+ 

++ 

++ 

•  Complexity  of  cell 

L 

H 

M 

M 

•  Retention 

+ 

++ 

++ 

++ 

•  Endurance 

+ 

+ 

+ 

0 

•  Radiation  hardness 

++ 

- 

- 

- 

•  Entry  cost 

H 

H 

L 

L 

++  :  very  good;  +:good; 
H  :  high  ;  M  :  medium ;  L 

o :  medium ; 
:iow; 

- :  poor 

5.  PERSPECTIVES  AND  CONCLUSIONS 

It  can  be  stated  that  the  non-volatile  memory  technology  is 
an  ever  evolving  field  with  basically  two  types  of  products,  the 
fairly  mature  EPROM  parts  and  the  EEPROM  family  which  is 
about  to  reach  a  maturity  level  which  undoubtedly  will  be  at  the 
basis  of  a  range  of  new  applications.  The  latter  were  already 
foreseen  years  ago  but  have  not  seen  realization  for  different 
reasons  discussed  in  this  paper.  The  EEPROM's  will  evolve  in 
two  categories,  the  high  density  parts  for  application  as  data 
memory  and  low  density  (and  probably  also  high  speed)  units  for 
application  in  Electrically  reprogrammable  logic  devices  (EPLD) 
and  different  forms  of  ASIC's.  In  the  former  the  fully  featured 
devices  can  be  distinguished  from  the  Flash-EEPROM's  which 
should  rather  be  viewed  as  flexible  EPROM's.  From  the 
discussion  in  this  paper  it  is  clear  that  for  each  category  a  best 
technology  or  approach  will  emerge.  High  density  parts,  fully 
featured  EEPROM's  will  most  probably  only  be  realizeable  with 
Textured  Poly  and  the  SNOS  approaches.  For  both 
technologies  256  kbit  parts  are  available  or  will  be  shortly,  and 
reaching  higher  densities  seems  straightforward.  SNOS  parts 
will  of  course  be  mainly  used  in  military  and  other  applications 
requiring  high  radiation  tolerance.  FLOTOX  technology  is 
favoured  in  low  density  parts  for  EPLD  and  ASIC  in  view  of  its 
compattoility  with  the  used  technology.  The  latter  argument  and 
also  the  higher  cost  of  the  textured  polysilicon  process  will 
probably  limit  its  use  in  these  applications.  SNOS  is  being  used 
in  some  of  these  applications  [78]  but  its  use  will  again  remain 
limited.  For  Flash-EEPROM  the  different  approaches  still  seem 
to  be  applied  and  although  the  requirements  for  the  thin 
tunneling  oxide  used  in  the  FLOTOX  approach  are  maybe  not 
as  stringent  as  for  the  fully  featured  memories,  again  this  might 
become  the  limitation  for  this  technology  in  the  long  run.  At 
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REFERENCES 


present,  128  kbit  Flash  pahs  have  been  announced. 

The  expected  market  place  tor  the  different  NV  memories 
in  1987  and  1997  is  shown  in  figure  11  whereas  the  expected 
memory  size  is  given  in  Table  IV  (see  also  figure  1) 

OTP  6%  FLASH-EEPROM 


1987  1997 

Figure  1 1 .  Present  Market  share  of  the  different  NV  memories 
in  1987  and  expected  share  for  1997 


TABLE  IV  :  Progress  In  NV  memory  density 


part 

1987 

1997 

EPROM  +  OTP 

1  Mbit 

64  Mbit 

Flash  EEPROM 

512  kbit 

32-64  Mbit 

All-featured  EEPROM 

256  kbit 

8-16  Mbit 

The  prognosis  is  clearly  that  the  Flash-EEPROM  will 
become  a  major  market,  mostly  at  the  expense  of  EPROM 
(which  with  OTP  however  remains  the  Non  Volatile  market 
leader)  but  also  partly  at  the  expense  of  the  full  function 
EEPROM.  It  is  to  be  expected  that  system  applications  of  non 
volatile  memories  will  continue  to  grow  as  the  density  and  the 
reliability  of  these  memories  will  increase  and  that  the  application 
of  EEPROM  technology  to  logic  will  create  a  new  market  of 
Programmable/Adaptable  logic. 
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COMPARISON  or  11.5  pm*  STACKED  CAPACITOR  AMD  TRKMCH  CAPACITOR  CELLS  IS  A 
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A  1Mbit  DRAM  testcircuit  with  stacked  capacitor  or  alternatively  with 
trench  capacitor  cells  has  been  fabricated  in  4Mbit  design  roles  and  tech¬ 
nology.  The  smaller  capacitances  obtained  by  the  stacked  capacitor  at  saee 
cell  sises  is  compensated  by  reduced  leakage  currents  and  o-particle  sen¬ 
sitivity.  Both  cells  need  a  cell  voltage  of  5V  for  reliable  operation. 

A12  is  used  in  the  periphery  and  in 


l.IMTROOOCTIOR 

The  stacked  capacitor  cell  (BTC)  as 
well  as  trench  capacitor  cell  are  con¬ 
sidered  the  eost  premising  candidates 
for  the  4Mbit  DRAM  generation.  Both 
cells  have  specific  advantages  and  dis¬ 
advantages.  Yet,  a  comparison  of  those 
cells  in  a  geometry  typical  of  a  4Mbit 
DRAM  has  not  been  reported.  For  such 
purpose  we  developed  a  complex  test 
memory  with  2.4|im  x  2.4pm  wordline  and 
bitline  pitch.  Figures  of  merit  mea¬ 
sured  on  those  cells  will  be  reported 
in  this  paper. 

2.TBCHMQL0GT 

The  1Mbit  DRAM,  displayed  in  Fig.l, 
has  been  fabricated  in  a  1pm  CMOS  n- 
well  process  using  polycida  for  the 
wordline  (running  vertically)  and  All 
for  the  bitline  (running  horisontally) . 


Fig.l  1Mb- test  circuit  with  external 
timing 


several  memory  blocks  for  the  reali¬ 
sation  of  a  divided  bitline  architec¬ 
ture.  For  the  STC  cell  a  third  level  of 
poly-Si  has  been  added.  Layouts  for 
both  cells  axe  shown  in  Fig. 2. 


Fig. 2  Layout  of  STC-cell(tgp)  and 
trench  cell (bottom) 


3.1  TRENCH  cttj. 

The  depletion  doped  trench  cell 
has  been  described  in  /!/.  Trench  depth 
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is  4.5  M*r  the  lateral  else  is  0.9|ia  z 
1.0)Oi.  A  shallow  n- layer  with  a  doping 
concentration  of  5*10E18  cm- 3  at  the 
sidewalls  of  the  trench  is  obtained  by 
doping  with  As.  Si02  with  a  thickness 
of  13na  is  grown  as  dielectric .  A  p- 
well  with  a  doping  concentration  of 
1.5*10816  cm- 3  is  used  in  order  to 
suppress  punch  through  from  trench  to 
trench  at  a  spacing  of  1.8|im. 

3.2  STACKED  CAPACITOR  CELL 

A  cross  section  of  the  11.5)ima 
cell  and  the  topology  in  the  memory 
array  is  shown  in  Fig.  3.  The  planar 
area  of  the  bottom  electrode  and  the 
sidewalls  contribute  to  the  cell 
capacitance.  This  increase  of  capa¬ 
citance  of  about  50%  has  been  described 
in  I’ll .  The  vertical  structure  of  the 
STC  cell  is  kept  as  planar  as  possible 
to  avoid  problems  in  lithography  and 
etching. Therefore  the  thickness  of  the 
bottom  capacitor  elect*,  vie  should  be 
limited  to  less  than  0.4|un. 


|»-4.8|i*-‘*| 


Fig. 3  Cross  section  of  the  STC -cell 
and  topology  of  the  cell-array 

4.EXFBRIMEMTAL  RESULTS 
4.1  Dielectric 

For  a  4Mb  STC  cell  a  high-6  di¬ 
electric  must  be  used  to  get  suffi¬ 


cient  cell  capacitance.  Leakage  cur¬ 
rents  through  S13E4  layers  (€*>6.5)  with 
a  thickness  of  15nm  and  20nm  show  ohmic 
conduction  at  low  and  Frenkel -Poole 
conduction  at  high  gate  voltages,  see 
Fig. 4.  Operating  at  HVcc  cell  plate 


t 


Fig. 4  Tunnelling  currents  of  Si3H4 
15nm(l) , 20nm(2)  and  8102 -trench  13nm(3) 


voltage  the  injected  charge  is  mainly 
due  to  ohmic  currents  and  decreases 
only  linearly  for  thicker  dielectrics. 
Therefore  15nm  of  S13H4  has  been  used. 
From  reliability  measurements  the 
mnrfiwun  allowed  charge  injected  into 
this  dielectric  has  been  estimated  to 
lQ/cm1.  this  corresponds  to  a  lifetime 
of  the  capacitor  of  more  than  10  years. 

.  The  thermally  grown  Si02  dielec¬ 
tric  with  a  thickness  of  13nm  used  in 
the  trench  cell  has  orders  of  magnitude 
lower  leakage  currents.  Lifetime  of 
the  dielectric  is  in  this  case  not  pri¬ 
marily  limited  by  the  average  injected 
charge,  but  by  weak  spots  and  sharp 
edges  due  to  the  trench  geometry. 
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CAPACITANCE 


4.2  Call  capacitance 

Call  capacitance  aa  a  function  of 
the  gate  voltage  of  the  cell  transistor 
at  typical  bias  conditions  ia  shown  in 
Fig. 5.  For  both  cell  types  approx! - 
aately  the  sane  threshold  voltage  and 
body  effect  of  the  transistor  is  ob¬ 
served.  A  boosted  wordline  higher  than 
7V  east  be  used  for  write  and  read 
cycles.  The  capacitance  of  the  STC  cell 
depends  less  on  cell  plate  voltage  due 
to  the  higher  doping  concentration  of 
the  poly-Si  electrode  compared  to  the 
n-  layer.  Fig. 6  shows  the  measured  mean 
values  of  the  cell  capacitances  as  a 
function  of  wordline  and  bitline  pitch. 
At  a  typical  4M  pitch  of  2.4  un  the 
trench  cell  yields  higher  capacitances 
of  10  to  20%. 


Fig. 5  Capacitances  of  8k-cells 
(stacked  1 , trench  2)  with  typical 
bias . Vbs--2 . 5,Vbl-5V  (turn  off), 
Vbs»-7 . 5V, Vbl-0 . IV  (write ) 


4.3  Substrate  leakage  currents 

Due  to  the  wide  separation  of  the 
junctions  in  the  STC  cell  there  is  no 
need  for  a  high  doping  of  the  substrate 
or  a  p-well  to  suppress  punch  through. 
The  low  leakage  current  of  a  8k  STC 
array  with  junction  areas  below  lun*  is 


PITCH  - ► 

Fig. 6  Capacitances  of  STC-cell(l)  and 
trench  cell(2)  as  function  of  word-and 
bitline  pitch 


shown  in  Fig. 7.  Junction  breakdown  to 
the  SQca  substrate  occurs  at  bitline 
voltages  exeeding  12V. 

For  trench  cells  the  junctions  are 
very  close  and  the  area  of  the  junction 
is  increased  by  a  factor  of  20.  Bence, 
punch  through  has  to  be  accounted  for 
by  adequate  doping  of  the  substrate. 
Limits  are  given  by  avalanche  or  Zener 
breakdown  of  the  n-layer  and  by  the  to¬ 
lerable  body  effect  of  the  cell  tran¬ 
sistor.  These  effects  result  in  in¬ 
creased  generation  currants  at  low 
bitline  voltages  and  decreased  break¬ 
down  voltage  of  9V  ,  see  Fig. 7. 


Fig. 7  Leakage  current  of  8k-cells 
as  a  function  of  bitline  voltage, 
(stacked  1, trench  2 ) , Wl»7 . 5V, Vpl“2 . 5V 
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4.4  t*~  sensitivity 

The  nail  ct-particle  sensitivity 
of  the  STC  cell  has  been  confined. 
Compared  to  the  trench  cell  at  a  pitch 
of  2. 4 tie  the  STC  cell  collects  a  mi¬ 
nus  charge  of  35fQ  and  the  trench  cell 
60fQ  free  an  a- particle  track  which 
generates  a  total  charge  of  220fQ 
(Ra226 ) ,  see  Fig. 8.  Free  these  collec¬ 
ted  charges  the  soft  error  rate  of  the 
DRAM  can  be  predicted  /3/  to  be  snaller 
than  500  FITS  for  the  given  cell  capa¬ 
citances. 


Fig. 8  Relative  rate  of  collected 
charge  froa  an  <*-particle  track.  STC- 
cell(l), trench  cell(2) 


4.5  Signal  to  noise  aargin 

In  a  IT-cell  the  signal  being  de¬ 
tected  by  the  sense  anplifiers  depends 
on  the  ratio  of  cell  to  bitline  capa¬ 
citance.  With  128  cells  per  bitline  a 
bitline  capacitance  of  240fF  has  been 
Measured  for  the  STC  cell  and  310fF  for 
the  trench  cell.  Assuming  a  tolerance 
of  the  cell  capacitance  of  2Ct  and  a 
4.5V  power  supply  this  correponds  to  an 
ideal  sense  signal  of  480*7  and  470*7 
respectively.  Taking  into  account  a 


«<»<■»  sense  signal  of  30*7,  aidlevel 
tolerance  of  20*7,  bitline  coupling  of 
15*7,  restore  of  20*7,10*7,  Vt 

sense  amplifier  of  30*7  and  leakage 
currants  of  20,  10*7  (Fig. 7),  an 
particle  margin  of  40  fQ  for  the  STC 
cell  and  60fQ  for  the  trench  cell  is 
estimated  for  reliable  operation. 

5.C0HCLUSI0H 

Operation  of  the  STC  cells  as  well 
as  of  trench  cells  has  been  demon¬ 
strated  in  an  experimental  DRAM  in 
41fbit  layout  rules.  Critical  process 
features  for  the  STC  cell  are  patter¬ 
ning  of  the  bottom  capacitor  electrode 
and  the  topology  of  the  cell.  Also  the 
long  term  reliability  of  the  new  Si3N4 
dielectric  still  has  to  be  verified  on 
production  level.  The  trench  cell  needs 
a  field  isolation  with  minimum  dimen¬ 
sions  and  more  complicated  etching  and 
doping  techniques. 

Due  to  the  smaller  leakage  currents, 
smaller  a-particle  sensitivity  and 
smaller  bitline  capacitances  a  minimum 
cell  capacitance  of  25  to  30fF  is  esti¬ 
mated  for  the  STC  cell  whereas  the 
trench  cell  requires  a  cell  capacitance 
of  30  to  35fF  for  save  operation. 
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The  isolation-related  leakage  occurring  within  a  4  Mb  DRAM  cell 
containing  a  depletion-type  trench  capacitor  is  discussed.  The 
main  isolation-dependent  leakage  paths  discussed  are  trench- 
trench  punchthrough,  inter-bit-line  leakage  via  punchthrough  or 
parasitic  transistor  action  under  the  word-line,  and  leakage 
between  the  transfer  gate  and  the  trench  capacitor.  Measurements 
of  specific  teat  structures  and  also  of  an  8K  cell  array 
confirming  good  control  of  these  leakage  mechanisms  are 
presented . 


1.  INTRODUCTION 

The  achievement  of  low  levels  of 
parasitic  leakage  is  increasingly 
important  in  Mb  DRAMs,  as  critical 
isolation  widths  are  shrunk  to  sub¬ 
micron  dimensions.  In  this  paper 
measurements  of  isolation-related 
leakage  currents  within  the  cell  area 
of  a  4  Mb  DRAM  are  presented.  The 
different  parasitic  leakage  paths  are 
described  and  their  relative  importance 
is  shown  using  experimental  results. 
The  total  leakage  current  measured  on 
an  8K  cell  array  confirms  satisfactory 
control  of  these  effects. 

2.  DESCRIPTION  OF  4  MB  DRAM 

The  submicron  CMOS  technology  used 
for  the  4  Mb  DRAM  has  0.9  micron  design 
rules  and  is  configured  with  triple 
level  polysilicon  and  single  level 
metallisation.  The  cell  capacitor  is  a 
depletion-type  trench  capacitor  with  an 
effective  dielectric  thickness  of  13  nm 
and  a  cell  capacity  of  40  fF.  The 
first  layer  of  polysilicon  is  used  as 


the  cell  electrode,  the  Becond  for  the 
word-line  (shunted  with  metal  to  lower 
the  resistance)  while  the  third  layer 
is  a  low  resistivity  polycide  which  is 
used  for  the  bit-line.  A  self -aligned 
bit-line  contact  is  used  to  achieve  a 
cell  size  of  2.3  x  4.6  »  10.6  sq. 
microns  ( 1 ) . 

3.  DESCRIPTION  OF  LEAKAGE  PATHS 

A  schematic  layout  of  a  portion  of 
the  cell  area  is  shown  in  fig.l.  The 
labelled  leakage  paths  between  the 
features  aret 

(A)  trench-trench  punchthrough;  (B) 
inter-bit-line  leakage  under  the  word¬ 
line  in  the  region  of  the  self-aligned 
contact;  (C)  inter-bit-line  leakage 
under  the  word-line;  (D)  leakage 
between  the  transfer  gate  and  the 
trench  capacitor.  Cross-sections 
through  these  regions  are  also  shown  in 
the  figure.  The  isolation  is  achieved 
by  using  a  modified  local  oxidation 
process. 
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Fig.l.  Schematic  layout  of  a  portion  of  the  cell  area  showing 
isolation-related  leakage  paths  and  also  cross-sections  in  these 
regions . 


4 .  RESULTS 

4 . 1  Trench-trench  leakage 

The  leakage  between  two  adjacent 
trench  capacitors  is  controlled  by  the 
use  of  a  p  well  which  is  doped  to  at 
least  1014  cm’3  down  to  the  bottom  of 
the  trenches i  this  doping  criterion  is 
derived  from  device  simulations.  To 
ensure  that  no  punchthrough  occurs, 

good  control  is  required  of  factors 

which  affect  the  trench-trench  spacing, 

e.g.  the  etched  profile  of  the  trenches 
and  the  diffusion  of  the  As-doped  HiC 
varactor  doping .  Fig .  2  shows  trench 
profiles  obtained  using  different  etch 
techniques  s  for  the  same  nominal 
spacing  of  1.8  microns,  the  actual 

minimum  spacing  is  smaller  by  0.7  and 
0.25  microns  respectively. 


Fig. 2.  Trench  profiles  obtained  using 
different  etch  processes.  (The  nominal 
spacing  of  the  trenches  is  the  same. ) 


Fig.  3  shows  the  results  of  trench- 
trench  punchthrough  measurements  s  for 
the  nominal  separations  shown,  only 
those  wafers  with  the  larger  decrease 
in  spacing  show  punchthrough.  Results 
from  numerical  simulations  utilizing  a 
newly  developed  3D  device  simulator  (2) 
show  that  for  actual  trench  spacings 
greater  than  one  micron  punchthrough  is 
not  seen  below  10V,  which  is  confirmed 
by  measurements. 


Fig. 3.  Measurements  of  trench-trench 
punchthrough  leakage  for  various  trench 
separations . 

4.2  Inter-bit-line  leakage 

Leakage  between  the  bit-lines  occurs 
between  the  trench  and  the  adjacent  n+ 
regions  via  paths  determined  by  the 
word-line  biases .  There  are  two 
components  of  this  leakage  s  simple 
punchthrough  and  also  a  parasitic 
transistor  lying  under  the  polysilicon 
word-line.  Direction  (C)  represents  the 
latter  parasitic  transistor  whilst  (B) 
is  a  combination  of  both  of  these 
mechanisms . 

Fig.  4  shows  that  the  characteristic 
of  the  parasitic  transistor  (C)  is 
strongly  dependent  upon  the  substrate- 
bias  applied.  With  the  use  of 


Fig. 4.  Measured  characteristics  of 
the  parasitic  transistor  under  the 
word-line  (C). 


substrate-bias  satisfactory  performance 
is  obtained,  even  under  the  worst-case 
operating  condition  of  Vbs«-lV,  90C. 

The  formation  of  the  self-aligned 
contact  degrades  the  isolation  between 
bit-lines.  This  is  due  to  the  field 
oxide  under  the  word-line  being  further 
etched-back  and  also  that  another 
parasitic  field-plate  is  available. 
Fig.  5  shows  the  punchthrough 
performance  between  bit-lineB  both 
within  the  vicinity  of  the  self-aligned 
contact  and  outside  of  it.  It  is  clear 
that  degradation  of  the  isolation 
behaviour  does  occur,  but  that  under 
the  operating  conditions  the  use  of 
substrate-bias  prevents  punchthrough. 


Fig. 5.  Comparison  of  punchthrough 
performance  between  the  bit-lines  both 
in  the  vicinity  of  the  self-aligned 
contact  and  outside  of  it. 

4.3  Transfer-gate  leakage 

The  subthreshold  characteristics  of 
the  transfer-gate  transistor  are  shown 
in  Fig.  6  for  the  worst-case  operating 
condition  of  Vbs«-lV  and  90C.  Results 
from  the  2D  simulator  GALENB  (3)  show 
that  for  trench  to  transfer-gate 
spacings  of  smaller  than  0.3  microns  no 
punchthrough  leakage  occurs  because  of 
the  high  p  well  doping  used  to  prevent 
trench-trench  punchthrough . 
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Fig. 6.  SubthreBhold  characteristic  of 
the  transfer-gate. 

4.4  8K  Cell  Array 

Measurements  on  an  8K  cell  array  at 
90C  are  shown  in  Figs.  7  and  8.  In  Fig. 
7  both  the  bit-lines  were  swept 
together  at  the  same  potential,  with 
the  two  word-lines  also  tied  to  one 
another  and  swept  over  the  same 
potential  range,  thus  enabling  a 
measurement  of  the  substrate  leakage. 


Fig. 7.  Cell  array  measurements  with 
the  bit-lines  tied  together. 

In  Fig.  8  one  bit-line  was  held  low 
and  the  other  was  ramped  up,  so  that 
inter-bit-line  leakage  was  possible. 
One  word-line  was  held  at  2.5V  while 
the  voltage  applied  to  the  other  was 
varied,  thus  enabling  a  separation  of 
the  leakage  paths  (B)  and  (C).  At  zero 
substrate-bias  the  parasitic  field 


Fig. 8.  Cell  array  measurements  with 
inter-bit-line  leakage. 

oxide  transistor  (C)  turns  on,  but  this 
can  be  suppressed  by  -IV  reverse  bias . 
From  these  measurements  it  is  confirmed 
that  the  total  leakage  is  less  than  IpA 
per  cell  at  90C  at  a  bit-line  bias  of 
7.5V  and  word-line  voltages  of  10V,  for 
operation  with  -2.5V  substrate  bias. 

5.  CONCLUSIONS 

The  leakage  current  paths  related  to 
the  device  isolation  in  a  4  Mb  DRAM 
cell  have  been  described  and 
experimental  results  showing  control  of 
the  isolation  characteristics 

presented.  Measurements  of  the  leakage 
within  an  8K  cell  array  are  also 
reported  and  show  inter-bit-line 
leakage  to  be  very  low. 
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1.  INTRODUCTION 

Due  to  recent  developments  in  computers,  non 
volatile  memories  have  been  taking  on  a  greater  im¬ 
portance  in  the  semiconductor  market,  and  conse¬ 
quently  higher  density  and  higher  performance  mem¬ 
ories  are  required.  Regarding  the  EPROM  (electri¬ 
cally  programmable  read  only  memories)  area,  three 
qualities  are  required  to  define  a  good  EPROM  tech¬ 
nology  [1]  (2): 

Compactness,  reflecting  on  the  possibility  of  re¬ 
ducing  chip  dimensions  and  costs; 

Speed,  reflecting  on  better  device  performances, 
reducing  access,  programming  and  testing  times; 

Manufacturability,  with  this  expression  we  indi¬ 
cate  an  overall  valuation  of  the  critical  extent  of  the 
architecture,  that  is  to  say  the  sensitivity  of  that  ar¬ 
chitecture  to  variations  in  the  process  technology  pa¬ 
rameters. 

This  aspects  are  underlined  in  this  paper  in  which 
we  present  the  structure  and  the  full  electrical  char¬ 
acterization  of  the  EPROM  memory  cell,  extensively 
tested  on  a  64  Kbit  device  and  currently  used  in  our 
line  for  a  compact  and  fast  1  Mbit  EPROM  memory. 
The  cell  area  is  18  pm2,  which  represents  one  of  the 
most  compact  EPROM  technology  for  1Mbit  genera¬ 
tion  devices  (3]  (4). 

2.  PROCESS  ARCHITECTURE  AND  CELL 
STRUCTURE 

Many  factors  contribute  to  obtaining  a  good 
EPROM  technology:  some  of  them  are  strictly  related 
to  the  cell  structure  but  others  are  related  to  the  whole 
process  technology  and  to  the  particular  device  orga¬ 
nization  and  design,  and  for  this  reason  they  can’t  be 
ignored  and  are  here  succinctly  reported. 


2.1.  Process  architecture 

Our  EPROM  memory  cell  is  fully  compatible  with 
1  pm  n-well  CMOS  process  technology  using  tantalum 
disilicide  on  the  gates  to  lower  their  resistance  and 
consequently  the  word  line  delay  (Fig.  1). 

LDD  structure  on  n-channel  transistors  permits 
enhanced  breakdown  voltage  and  consequently  inter¬ 
nal  high  bias  can  be  generated.  This  way,  writing 
times  per  bit  can  be  reduced. 

Shallow  junctions  are  used  to  enhance  architec¬ 
ture  compactness  and  to  improve  the  device  speed 
characteristics  reducing  source  and  drain  parasitic  ca¬ 
pacitance.  In  addition,  barrier  metal  that  has  been 
introduced  to  contact  shallow  junctions,  reduces  con¬ 
tact  resistivity  of  the  n-type  contacts  (representing,  in 
an  n-channel  EPROM  device,  the  prevailing  contact 
type)  and  improves  reliability  characteristics. 

In  Tab  1  the  main  characteristics  of  this  technol¬ 
ogy  are  summarized. 


Minimum  feature  aise 

l/jm 

Technology 

Double  poly,  n-well,  CMOS 

n-ch. translator 

1.2  pm 

p-ch. transistor  Lp„i, 

1.6pm 

n-ch.  threshold  voltage 

0.75  V 

p-ch.  threshold  voltage 

0.95  V 

n-ch.  breakdown  BVoss 

17  V 

p-ch.  breakdown  BVoss 

13  V 

1  Mbit  die  sise 

71  Kmit1 

TABLE  1:  Main  parameters  characterizing  the  pro¬ 
cess  technology 

2.2.  Cell  structure 

In  Fig.  2  and  3  the  layout  of  the  transistor  memory 
cell  and  a  SEM  picture  of  the  actual  processed  cell 
inside  the  device  matrix  are  reported. 
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As  it  can  be  noted  in  Fig.  2,  the  memory  cell 
architecture  is  a  conventional  one,  characterised  by  a 
symmetrical  layout. 


FIGURE  1:  EBT  data  showing  the  signal  propaga¬ 
tion  delay  on  a  word  line 


FIGURE  2:  Cell  layout 


FIGURE  3:  SEM  top  view  of  the  matrix  of  cells 

The  memory  cell  is  a  self  aligned  stacked  structure 
with  poly-Si  and  polycide  for  the  floating  and  control 
gates  respectively  as  is  shown  in  the  cross  section  re¬ 
ported  in  Fig.  4.  First  gate  oxide  is  28  nm.  The 
interpoly  dielectric  is  a  triple  layer  using  SiOj,  SijN*, 


SiOj  (O.N.O.),  whose  equivalent  oxide  thickness  is 
30  nm.  The  cell  effective  length  is  1  pm. 

The  particular  kind  of  junctions  oxidation  allows 
very  low  bending  of  the  floating  and  control  gates. 
This  way  coupling  ratios  are  maintained  as  closely  as 
possible  to  the  theoretical  ones,  consequently  the  cell 
writing  efficiency  is  maximized. 


FIGURE  4:  SEM  cross  section  of  the  memory  cell 

3.  ELECTRICAL  RESULTS 

In  this  part  we  are  going  to  analyze  cell  behav¬ 
ior  and  its  parasitic  effects  in  relation  to  variations  in 
the  main  process  parameters.  In  particular,  the  chan¬ 
nel  effective  length  (L„//)  and  the  drain  voltage  used 
to  write  the  cell  (Vd„,)  are  the  two  quantities  most 
affecting  cell  characteristics,  because  of  the  exponen¬ 
tial  dependence  of  the  gate  and  substrate  currents  on 
these  parameters  [5]  [6]. 

In  Fig.  5  writing  curves  are  shown  for  several 
EPROM  cells  with  different  channel  effective  lengths, 
in  the  range  between  0.5  and,  1.5  pm.  More  than  a 
3  V  threshold  shift  is  performed  in  less  than  100  psec 
by  most  cells;  only  the  longest  of  them,  whose  effective 
length  is  50  %  bigger  than  the  project  one,  requires 
200  psec  to  perform  a  2  V  threshold  shift. 

In  curve  A  of  Fig.  6  is  reported  the  locus  of  L ,// 
and  Vdtt  which  allow  a  3  V  threshold  shift  with  a 
writing  time  of  130  psec  and  a  gate  applied  voltage  of 
12.5  V.  Similar  curves  can  obviously  be  obtained  for 
a  different  choice  of  parameters,  but  these  values  may 
be  considered  a  good  limit  for  distinguishing  between 
adequate  and  bad  writing  cell  performance,  for  1Mbit 
generation  device. 
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FIGURE  5:  Writing  curves  of  different  channel  effec¬ 
tive  length  memory  cells 


FIGURE  6:  Memory  cell  working  area 

A  :  writing  curve  D  :  drain  turn-on  curve 

B  :  reading  curve  E  :  snap-back  curve 

C  :  breakdown  curve 

Reading  characteristics  for  different  effective  length 
virgin  cells  are  reported  in  Fig.  7,  in  which  the  worst 
case  reading  bias  is  considered.  It  can  be  noted  that 
sufficient  drain  reading  current  is  measured  up  to 
1.5  pm  effective  channel  length,  therefore  this  value 
becomes  a  maximum  limit  for  L ejj,  causing  curve  B 
of  Fig.  6. 

Grounded  gate  breakdown  voltage  for  different  L ,// 
values  has  been  measured  on  equivalent  transistors 
having  the  same  device  parameters  as  those  of  the 
memory  transistor.  Data  are  reported  in  curve  C  of 
Fig.  6.  Actually,  the  grounded  gate  breakdown  isn’t 
the  limiting  effect  to  the  cell  performance;  in  fact, 
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FIGURE  7:  Readind  characteristics  for  different 
cells;  Vd=lV;  Vg=4V 


during  the  real  device  operation,  caused  by  the  drain 
capacitive  coupling,  the  cell  floating  gate  voltage  as¬ 
sumes  values  higher  than  zero,  even  when  the  control 
gate  is  grounded. 

In  this  situation  the  so  called  drain  turn- on  effect 
may  take  place,  in  which  leakage  of  the  unselected 
memory  cells  connected  to  the  selected  bit  line  can 
cause  a  voltage  drop  of  the  bit  line  and  consequent 
degradation  of  the  programming  characteristics.  In 
1Mbit  memory  device  these  effects  are  avoided  if  less 
than  100  nAmp  leakage  per  cell  is  assured,  with  the 
gate  bias  equal  to  the  worst  case  for  the  logical  zero 
(that  is  assumed  to  be  0.3  V).  In  curve  D  of  Fig.  6,  the 
locus  of  L c/f  and  Vd^,  satisfying  this  requirement  is 
reported,  again  introducing  a  boundary  between  good 
and  bad  cell  performances. 

The  snap-back  phenomenon  must  also  be  avoided 
because  the  high  substrate  currents  accompanying  with 
it  may  cause  latch-up  in  CMOS  devices,  with  the  con¬ 
sequent  risk  of  device  damage.  In  Fig.  8  Vg  and  Vd 
pairs  causing  snap-back  onset  are  reported  for  differ¬ 
ent  effective  length  equivalent  transistors;  for  every 
L«/  j  value  there  exists  a  minimum  drain  voltage  that 
avoid  snap-back,  independently  of  the  gate  (or  float¬ 
ing  gate)  bias.  These  points  axe  reported  in  curve  E 
of  Fig.  6. 

Considering  Fig.  6  as  a  whole,  it  can  be  noted 
that,  in  the  L ,//  -  Vd*,  plain,  the  five  curves  define 
a  spatial  region  (dotted  in  figure)  whose  points  cor¬ 
respond  to  EPROM  cells  with  a  good  overall  perfor¬ 
mance.  Mamifacturing  necessities  require  that  such 
good  behaviour  be  guaranteed  in  spite  of  writing  drain 
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voltage  and  effective  length  dispersions.  Due  to  these 
restrictions,  the  memory  cell  working  area  becomes 
a  rectangle.  One  is  shown  in  Fig.  6,  representing  an 
example  of  manufacturing  suitability  of  the  cell  de¬ 
sign:  for  a  drain  voltage  of  6.5  V  ±  300  mV  the  cell 
performances  are  well  above  the  acceptable  limit  over 
a  wide  range  of  cell  transistor  L e/j  centered  around 
0.9  pm. 


FIGURE  8:  Snap-back  onset  curves  for  different  Le// 


FIGURE  9:  Soft-writing  curve;  the  time  required  to 
perform  200  mV  threshold  shift  is  reported  for  dif¬ 
ferent  drain  bias,  with  6V  applied  to  the  gate 

The  problems  related  to  the  unwanted  cell  writ¬ 
ing  that  may  be  introduced  by  the  protracted  reading 


operation  (toft-writing),  have  been  investigated  on 
the  shortest  cell,  that  is  the  most  affected  by  these 
effects.  Data  are  reported  in  Fig.  9  which  shows 
the  time  required  to  obtain  a  200  mV  threshold  shift 
for  different  drain  voltages,  with  the  gate  bias  at  the 
worst  case  (6  V)  for  the  reading  operation. 

Extrapolated  data  show  a  safe  reading  operation 
for  all  practical  drain  bias. 

Finally,  no  charge  retention  problems  have  been 
pointed  out  by  voltage  stress  measuies;  furthermore, 
on  64  Kbit  memory  devices  realized  to  qualify  this 
technology,  temperature  tests  h-\e  been  executed  and 
passed. 

4.  SUMMARY 

A  process  technology  for  realizing  highly  compact 
EPROM  devices  has  been  described;  in  particular  the 
structure  and  the  electrical  characterization  of  a 
18  pm2  memory  cell  has  been  reported,  pointing  out 
good  speed  performances  together  with  good  manu¬ 
facturability  qualities. 

This  technology  has  been  verified  using  64K  mem¬ 
ory,  and  at  present  it  is  utilized  to  manufacture  a 
1Mbit  memory. 
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via  C. Olivetti  2  -  20041  Agrate  Brianza  (Ml)-Italy 

Recent  results  show  higher  gate  current  in  P-channel  devices  than  in  N- 
channel  ones  under  the  same  bias  conditions.  By  this  reason,  we  produced  a 
P-channel  EPROM  cell,  making  use  of  a  standard  N-channel  cell  layout.  We 
present  a  complete  electrical  characterization  and  point  out  some  advantages 
which  make  P-chonnel  EPROM  cells  very  promising,  especially  for  future 
CMOS  applications. 


1  Introduction 

Apart  bom  the  pioneering  work  of  Frohman- 
Bentchkovsky  [1],  all  EPROM  cells  up  to  now  have 
been  based  on  N-channel  technology.  The  usual  ex¬ 
planation  given  for  this,  is  that  EPROM  cells  are 
written  via  hot  electron  injection,  and  hot  electrons 
are  easier  to  generate  in  N-channel  transistors,  due  to 
the  higher  mobility  of  electrons.  A  proof  of  this  is 
the  much  higher  substrate  current  in  N-channel  de¬ 
vices,  when  they  are  biased  for  maximum  avalanche 
generation.  It  has  however  been  recently  pointed  out 
[2],  [3]  that  maximum  gate  currents  are  much  larger 
in  P-channel  than  in  N-channel  transistors,  given  the 
proper  bias  conditions.  There  is  therefore  no  reason 
why  a  P-channel  EPROM  cell  could  not  be  produced, 
and  indeed  present  some  advantages  over  the  tradi¬ 
tional  N-channel  cell  in  terms  of  writing  speed  (be¬ 
cause  of  the  larger  gate  current),  power  consumption 
(since  it  is  operated  at  lower  gate  voltage)  and  process 
compatibility  (because  of  the  low  substrate  current). 
To  verify  these  points,  P-channel  EPROM  cells  have 
been  fabricated  and  the  results  of  their  evaluation  are 
presented  in  this  work. 


2  Process  architecture  and  cell 
structure 

The  process  was  a  P-channel  translation  of  the  N- 
channel  process  used  for  a  256Kbit  EPROM,  having 
33  nm  gate  oxide,  0.4  pm  junction  depth,  self-aligned 


floating  and  control  gates  and  ONO  as  interpoly  di¬ 
electric.  We  used  the  standard  N-channel  cell  layout 
shown  in  Fig.l.  The  memory  cell  area  is  36  «m2,  while 
the  effective  length  of  the  transistor  is  1  pm  and  its 
effective  width  is  1.4  pm. 


n 


Figure  1:  Layout  and  cross-sections  of  the  EPROM  cell 


3  Electrical  results 

Typical  transfer  characteristics  of  the  P-channel  cell 
after  a  sequence  of  100  ps  writing  pulses  at  Vd=-12 
V  and  Vc=-6  V  are  shown  in  Fig-2.  As  it  can  be 
seen,  very  high  threshold  shifts  can  be  achieved  after 
a  rather  short  writing  time.  In  Fig.3  writing  curves  are 
shown  for  different  values  of  drain  voltage  and  fixed 
gate  voltage.  No  saturation  has  been  found  even  in¬ 
creasing  the  duration  of  writing  pulses  up  to  0.5  s.  In 
Fig.4  similar  curves  are  shown  with  gate  voltage  as 
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******  GRAPHICS  PLOT  ****** 


Figure  2:  Transfer  characteristics  of  P-channel  cell  during 
writing  pulse  sequence  (VC=-6V,  V0=-12,  tpw«=100ps) 


so  100  150  200 

time  ps 


Figure  3:  Writing  curves  -  Fixed  gate  bias  (-5V),  Vo  as 
parameter 

parameter  and  fixed  drain  voltage.  The  maximum  of 
gate  current  occurs  at  a  gate  voltage  just  above  the 
threshold  [3],  and  therefore,  as  evident  from  Fig.4,  the 
lower  the  gate  voltage  (absolute  value),  the  higher  the 
threshold  shift.  This  is  shown  even  more  clearly  in 
Fig.5  where  the  threshold  shift  after  a  500  ft s  writing 
pulse  at  Vo  =-10  V  and  Vd=-11  V  is  give  as  a  function 
of  gate  voltage.  The  peak  of  threshold  shift  occurs  at 
Vq=-1.75  V,  and  corresponds  to  the  maximum  of  gate 
current,  while  at  Vo— Vo,  which  is  the  best  case  for 


time  ps 

Figure  4:  Writing  curves  -  Fixed  drain  bias  (-12V),  Vg  as 
parameter 

N-channel  EPROMs,  the  writing  is  negligible.  It  is  ev¬ 
ident  from  the  above  presented  results  that  different 
writing  mechanisms  are  active  in  N-channel  and  P- 
channel  EPROMs.  While  in  the  first  ones  the  energy 
of  the  electrons  is  very  important,  since  they  have  to 
be  injected  against  the  electric  field,  in  the  second  ones 
it  does  not  play  any  role  since  the  field  is  always  in 


| Vgite |  CVJ 

Figure  5:  Threshold  shift  vs  gate  voltage 

favor.  This  hypothesis  is  confirmed  by  curves  shown 
in  Fig.6,  where  the  ratio  between  gate  and  drain  cur¬ 
rent  Ic/Id  is  plotted  against  the  substrate  current  I# 
for  equivalent  N-channel  and  P-channel  transistors. 

It  is  evident  that  while  for  N-channel  ceils,  the  effi- 
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Figure  6:  Comparison  between  N-channel  and  P-channel 
equivalent  transistors  (L=1.5  pm).  IGD=Ig/Id,  fixed 
drain  bias  (|  VD  |=9V),  0V<|  VG  |<15V. 


ciency  of  gate  current  generation  is  very  low,  asking 
for  high  drain  and  substrate  currents,  it  is  very  high 
for  P-channel  cells.  Cancellation  and  retention  perfor¬ 
mances  are  comparable  with  those  of  N-channel  cells 
and  will  not  be  discussed  in  details.  Soft  writing,  and 
this  is  another  advantage  with  respect  to  N-channel 
cells,  is  not  a  problem  at  all,  because  typical  reading 
biases  forbid  electron  injection  [3]. 


process.  Among  the  drawbacks,  we  should  mention 
the  lower  gain  of  the  P-channel  transistor,  which  af¬ 
fects  the  reading  speed,  and  the  fact  that  the  thresh¬ 
old  of  the  written  cell  is  shifted  towards  the  depletion 
region,  making  the  cell  decoding  more  complex.  How¬ 
ever,  taking  into  account  that  the  cell  has  not  been 
designed  to  take  full  advantage  of  the  new  technol¬ 
ogy,  it  could  be  concluded  that  P-channel  EPROM 
cells  appear  to  be  promising  for  future  high  density 
applications  and  well  worth  investigating. 
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4  Conclusions 

The  results  of  the  preliminary  evaluation  of  a  P-channel 
EPROM  cell  have  shown  the  feasibility  of  this  device. 
Some  writing  characteristics  appears  to  be  superior 
to  those  of  N-channel  cells:  in  particular,  the  low  gate 
writing  voltage  allows  a  reduction  in  the  capacitive 
coupling  between  floating  and  control  gate,  and  there¬ 
fore  a  reduction  in  cell  area,  while  the  low  drain  cur¬ 
rent  during  the  writing  cycle  could  be  compatible  with 
on-chip  high  voltage  generators.  Moreover,  the  very 
low  value  of  substrate  current  during  writing  prevents 
the  risk  of  latch-up  triggering  in  CMOS  devices  and 
makes  this  kind  of  cell  compatible  even  with  a  N-well 
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The  electrical  characteristics  of  lateral  bipolar  transistors  are  very 
important  in  predicting  latch-up.  An  increase  of  the  current 
amplification  factor  is  noticed  vhen  the  high  current  level  injection 
regiee  is  reached,  but  this  only  for  devices  vith  a  relative  lov  base 
carrier  lifetime.  For  lov  einority  carrier  lifetimes  in  the  base  the 
beta  versus  collector  curve  will  show  a  bunp. 


1.  INTRODUCTION 

Scaling  down  CMOS  technology  leads  to  a 
higher  sensitivity  for  latch-up  occurence.  This 
phenomenon  is  strongly  related  to  the  behaviour 
of  the  parasitic  bipolar  devices.  In  a  pvell 
process  the  vertical  bipolar  transistors  are 
NPN  and  the  lateral  are  PNP  devices.  The  DC- 
characteristics  of  the  vertical  transistors  can 
be  very  veil  defined  froa  their  implantation 
profiles,  unless  the  surface  or  space-charge 
recombination  current  is  very  high.  On  the 
contrary,  the  electrical  behaviour  of  the 
lateral  pnp  ,  formed  by  a  p+  diode  as  emitter, 
the  substrate  as  base  and  the  pvell  as 
collector,  is  more  difficult  to  predict 
Due  to  a  field  implantation  profile  a  vertical 
field  pushes  the  holes,  vhlch  are  injected  in 
the  base,  avay  from  the  surface,  resulting  in  a 
nonuniform  Injection  along  the  emitter  edge  and 
a  lover  current  amplification  factor.  Also  the 
effective  volume  of  the  base,  vhich  influences 
the  beta  of  the  bipolar  transistor,  is  depen¬ 
ding  on  the  lateral  and  vertical  dimensions, 
the  Implantation  profiles  and  the  lifetime  of 
the  minority  carriers.  Especially  the  evalu¬ 
ation  of  the  mlnr.lty  carrier  lifetime  and  the 
vay  in  vhich  the  current  flovs  make  it  diffi¬ 
cult  to  predict  the  behaviour  of  a  parasitic 
bipolar  pnp  in  a  non-epl  substrate. 


2.  APPROXIMATE  CALCULATIONS  OF  THE  COLLECTOR 

CURRENT,  THE  BASE  RECOMBINATION  CURRENT  AND 

THE  BASE  INJECTION  INTO  THE  EMITTER  CURRENT 

The  calculation  of  the  current  densities  are 
performed  for  an  uniform  doped  base,  vith  a 
lateral  vidth  of  W^,  a  n-type  base  concen¬ 
tration  equal  to  Nb  and  a  p-type  emitter 
concentration  of  N@.  The  influence  of  the 
surface  recombination  current  can  be  neglected 
due  to  an  electrical  field  vhich  is  for  the 
minority  carriers  directed  tovards  the  bulk. 
This  field  is  the  result  of  a  field 
implantation  at  the  surface  of  the  base.  In 
order  to  calculate  the  different  current 
densities  it  is  necessary  to  solve  the  current 
and  continuity  equations.  The  folloving  one 
dimensional  formulas  are  used: 

Jp  -  -  <J  Dp  3p(x)/3x  +  q  Up  p(x)  B(x) 

3Jp/3x  +  q  3p(x)/3t  +  q  r  -  0 
3p(x)/3t  -  0  in  steady  state  regime 

Dp  and  Up  are  respectively  the  diffusion 
constant  and  the  mobility  for  holes,  p(x)  is 
the  hole  concentration  distribution,  Jp  is  the 
hole  current  density  and  E  is  the  electrical 
field  in  the  base,  caused  by  the  distribution 
of  the  majority  carrier  concentration,  vhich 
becomes  important  at  high  level  injection.  This 
electrical  field  is  given  by: 
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E  -  -(k  T  /  q)*(l/n(x))*ta(x)/3x 

In  the  cmc  of  neutrality  n(x)  can  be  replaced 
by  (Nb  ♦  p')>  vher#  p'  is  the  exceaa  hole 
concentration  in  the  bue.  The  hole  current 
denaity  can  be  expressed  as  follovst 

Jp  -  -<I  Dp  <Nb+P0+2p')/(Nb+p')  3p'  (x)/9x 
Jp  -  -q  Dp  C(x)  3p'(x)/3x 

Pq  is  the  hole  concentration  at  the  eaitter 
edge  vith  a  Vbe  of  0  V. 

The  effective  hole  diffusion  constant  is  equal 
to  Dp*C(x)  (1].  This  value  is  current  and 
position  dependent.  An  approximation  can  be 
made  in  which  p'(x)  in  C(x)  is  replaced  by  p' 
at  the  eaitter  edge  as  done  by  Chou  (2]. 
Solving  the  continuity  equation  results  in  the 
following  formulas  for  the  current  densities, 
which  are  valid  in  high  and  lov  current 

injection  regiae. 

Jc  -  q  Dp  /C  p'(at  eaitter  edge)/(Lp  P) 

P  .  sinh(Wb/(/C  Lp)) 

Lp  -  /(Dp  t)  hole  diffusion  length 
t  -  alnority  carrier  llfetiae 
Jc  is  the  collector  current  density 

Figure  1  shows  the  influence  of  C  on  the 
collector  current,  where  the  curve  vith  the 
label  ’no  field'  is  the  collector  current 

density,  where  C  is  equal  to  1  for  the  whole 
Vbe  range.  Also  the  ratio  betveen  the  two 

curves  is  shown,  indicating  no  difference  at 
lov  level  injection  and  a  factor  of  two  at  high 
level  injection. 

The  bu«  recombination  current  density  is  given 
by  the  next  foraula,  where  V  is  either  the 
lateral  bue  width  Vb  or  the  wafer  thickness, 
if  the  bulk  recoabination  currant  density  is 
desired. 
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FIGURE  li  Collector  current  density  with  and 
without  the  field  and  the  ratio  of  both. 


J  rec.  »  q  Jp  /C  FI  p'(at  eaitter  edge) 

FI  -  (cosh(V/(/C  Lp)>  -  1)  /  F2 
F2  -  Lp  sinh(V/(/C  L?)) 

For  both  large  and  saall  values  of  V,  the  base 
recoabination  current  density  is  depending  on 
the  lifetime)  Increasing  lifetime  is  decreasing 
current. 

The  lifetime  is  assumed  to  be  independent  of 
the  current,  but  in  reality  it  increases  at 
high  current  level  injection  13 J.  For  saall 
values  of  the  base  vidth  compared  to  the 
diffusion  length  the  ratio  betveen  collector 
and  base  recoabination  current  is  depending  on 
lifetime  and  on  the  value  of  Vbe  (figure  2). 


vbe  [vl 

FIGURE  2i  The  ratio  of  collector  current  and 
bue  recoabination  current  density  for 
different  diffusion  lengths  (Vb>  2pm). 
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An  Increase  of  this  ratio  at  high  level 
injection  is  noticed  due  to  an  increase  in  the 
collector  current  density.  The  influence  of 
this  ratio  on  the  real  current  amplification 
(beta)  is  depending  on  the  value  of  the 
base-into-eaitter  injection  current  compared  to 
the  value  of  the  base  recoebination  current. 

Jeeitter  -  q  D,  n<  (>t  ultt([  edge)  /  Ve 
Ve  is  the  vidth  of  the  eaitter 

It  is  assumed  that  the  emitter  current  is  not 
at  high  level  injection,  due  to  the  high 
concentration  in  the  emitter.  For  the 
calculation  bandgapnarroving  effects  described 
by  Slot boon  and  de  Graaff  (4]  are  included.  If 
the  base  recoebination  current  is  doninant 
compared  to  the  base-into-eaitter  injection 
current  until  very  high  level  injection,  a  bump 
in  the  beta  curve  is  noticed  (figure  3). 


FIGURE  3:  Base  current  components  and  beta  for 
a  lateral  pnp  vith  t-  100  ns.  Ibrec  is  the 
baserecomblnatlon  current,  Ibscr  is  the 
recombination  in  the  space  charge  layer,  Ibinj 
is  the  injection  into  the  emitter  and  Ibtot  is 
the  total  base  current. 

Also  tvo  dimensional  simulations,  using  the 
program  PISCES,  shov  a  bump  in  the  current 
amplification  curve  for  a  minority  carrier 
lifetime  smaller  than  5  usee.  At  higher  values 
of  the  lifetime  this  bump  disappears.  Only  tvo 
values  for  the  lifetime  are  presented  in  figure 
4. 


FIGURE  4j  Simulated  beta  curves  for  tvo 
different  lifetimes. 


3.  EXPERIMENTAL  DETERMINATION  OF  LIFETIME 

IN  THE  BASE  REGION  OF  PARASITIC  PNP 

TRANSISTORS. 

Recombination  lifetime  of  the  minority 
carriers  in  the  substrate  is  measured  on 
lateral  bipolar  transistors,  vhich  shov  a  bump 
in  the  beta  curve,  by  using  tvo  different 
measurement  methods.  The  first  method  makes  use 
of  the  basevidth  modulation  technique  [5,6] . 
The  results  are  compared  vith  lifetime  values 
obtained  from  spectral  response  measurements. 
Both  results  are  in  close  agreement. 

The  basevidth  modulation  technique  is  used  on  a 
parasitic  PNP,  formed  by  a  p+  junction  as 
emittor,  the  substrate  as  base  region  and  the 
pvell  as  collector.  To  check  the  consistency  of 
the  method,  measurements  are  repeated  on 
devices  vith  tvo  different  lateral  basevldths, 
resulting  in  a  current  gain  of  respectively 
unity  and  tvo.  The  method  consists  of 
superimposing  an  AC  voltage  on  the  base- 
collector  reverse  voltage,  producing  a  change 
in  the  vidth  of  the  quasi  neutral  base  region. 
An  AC  current  can  be  measured  in  the  collector 
due  to  a  change  of  the  slope  of  the  minority 
carrier  distribution  in  the  base.  The  basevidth 
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Modulation  also  gives  a  change  in  the 
substrate(-base)  recombination  current.  The 
ratio  of  these  AC  currents ,  which  is  the  ratio 
of  the  output-  and  transconductance  (Go,  Gr), 
Multiplied  by  the  transittiee  (fb),  gives  the 
lifetime.  For  an  uniform  doped  base  tb  can  be 
approximated  by  V^/(2  Dp). 

x  «  Go  /  Gr 

The  method  gives  consistent  values  only  if  the 
measured  Go  and  Gr  are  the  result  of  the 
basevidening  effect.  To  check  this,  Go  and  Gr 
are  measured  for  different  applied  base  enitter 
voltages.  According  to  theory  both  curves  have 
to  be  exponential  with  the  Vbe. 

Especially  for  Gr,  the  AC  component  of  the  base 
recombination  current  is  rather  small,  while 
Vbe  has  to  be  kept  constant  during  measurement, 
so  that  a  closed  loop  measurement  configuration 
vas  needed.  The  experimental  results  are  given 
in  figure  5,  which  shows  the  base  and  collector 
current,  the  Go  and  Gr  parameters  for  different 
base  emittor  bias  voltages  and  the  ratio 
between  Go  and  Gr.  The  Go/Gr  ratio  of  7  results 
in  a  lifetime  of  about  15  nsec. 

-a-  -  IC  (HA) 


FIGURE  5»  Collector-,  base  current,  trans-, 
out put conductance  and  lifetime  per  unit  base 
transit  time  for  a  pnp  with  2ua  basevidth. 


Minority  carrier  lifetime  can  also  be 
calculated  out  of  the  diffusion  length  obtained 
by  spectral  response  measurements.  For  the  long 
wavelength  response  of  the  photocurrent, 
following  approximated  relation  exists  between 
the  diffusion  length  <Lp),  the  optical 
absorption  coefficient  (#)  and  the  internal 
quantum  efficiency  (Q)  : 

1  1 

-  -  1  +  - 

Q  a  Lp 

Extrapolation  from  the  measured  I/O  versus  1/a 
curve,  gives  an  intercept  on  the  1/a  axis, 
which  is  equal  to  1/Lp.  The  extrapollated  value 
for  Lp  is  about  5  urn  which  corresponds  with  a 
lifetime  of  20  nsec. 

Both  methods  lead  to  similar  values  for  the 
lifetime  in  the  base  region  of  the  parasitic 
PNP.  The  recombination  lifetime  is  lower  than  5 
usee,  which  results  in  a  bump  in  the  beta  curve 
as  measured. 
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An  optimum  TiSio  thickness  of  55nM  has  been  established  for  contacting  HOnM  P+ 
layers.  The  p+  layer  sheet  resistance  is  reduced  to  less  than  3  ohms  per 
square  without  compromising  the  reverse  leakage  currents  of  the  junctions.  The 
reduction  in  Gummel  number  for  the  P+  layer  has  reduced  the  emitter  efficiency 
of  the  junctions  and  yielded  a  factor  of  four  increase  in  latch-up  resistance. 


1.  INTRODUCTION 

The  scaling  down  of  device  dimensions  for 
CMOS  VLSI  requires  ultra  shallow  junctions 
with  low  sheet  resistance.  Whilst  this  is 
difficult  to  obtain,  especially  for  the  P+ 
junctions  of  the  P-channel  transistors, 
several  novel  techniques  have  been  proposed 
[1112].  However  the  sheet  resistance  of  P+ 
layers,  approximatley  lOOnM  in  depth,  is  of 
the  order  of  100-200  ohms  per  square.  To 
reduce  the  sheet  resistance  it  is  common  to 
form  a  self-aligned  layer  of  titanium 
disilicide  above  the  P+  region. 

During  the  formation  of  the  titanium 
disilicide  some  of  the  boron  doped  silicon 
layer  is  consumed.  There  is  therefore  a  limit 
to  the  maximum  thickness  that  can  be  used.  If 
the  silicide  layer  is  thick  enough  all  of  the 
P+  layer  is  consumed  and  a  TiSi2-n-silicon 
Schottky  barrier  is  formed.  This  results  in  a 
marked  increase  in  both  forward  and  reverse 
current  for  the  junction  and  a  reduction  in 
the  minority  carrier  current  injected  into  the 
n-silicon  substrate. 

An  additional  requirement  for  Bulk  CMOS  is 
latch  up  resistance.  Techniques  for 
increasing  latch  up  resistance  focus  on 
reducing  the  emitter-base  shunting  resistance 
or  on  lowering  the  gain  product  of  the 
parasitic  bipolar  transistors.  An  alternative 
approach  to  reduce  emitter  efficiency  is  to 
systematically  reduce  the  Gummel  number  of  the 


P+and  N+  layers  forming  the  emitters  of  the 
parasitic  bipolar  transistors  by  formation  of 
silicide  contacts.  There  is  therefore  a  need 
to  establish  the  optimum  thickness  of  silicide 
contacts  to  ultra  shallow  junctions  to  achieve 
low  sheet  resistance  and  enhanced  latch  up 
resistance,  together  with  minimization  of 
junction  leakage,  in  order  to  take  full 
advantage  of  a  low  power  CMOS  structure. 

In  this  paper,  diode  reverse  leakage 
currents  and  the  minority  carrier  injection 
properties  have  been  studied  for  HOnM  P+-N 
junctions  witn  several  titanium  disilicide 
thicknesses.  The  ultra  shallow  junctions  were 
produced  by  rapid  thermal  diffusion  from  a 
spin-on  diffusion  source  13].  Two  processes 
have  been  designed.  The  first  permits 
manufacture  of  low  leakage  P+-N  diodes  for 
standard  current-voltage  characterisation. 
The  second  permits  the  manufacture  of  P-N-P 
bipolar  transistors  for  emitter  efficiency 
studies. 

2.  DIODE  CHARACTERISTICS 

P+-N  diodes  were  produced  with  a  range  of 
titanium  disilicide  thicknesses  formed  in  the 
boron  diffusion.  The  main  features  of  the 
process  are  outlined  in  Figure  1.  Mask  design 
ensured  that  the  Aluminium  over  the  contact 
windows  was  smaller  than  the  diffused  area 
thus  avoiding  any  field  plate  effects. 

Typical  values  of  reverse  bias  leakage 
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Figure  1 

The  P+-N  diode  process  flow 


current  density  are  shown  in  Figure  2  for 
silicide  thickness  ranging  from  zero  to  60nM. 
It  can  be  seen  that  there  is  little  dependance 
of  leakage  current  with  silicide  thickness  for 
values  less  than  approximately  40nM. 

A  large  increase  in  leakage  current  was 
observed  for  a  silicide  thickness  of  60nM. 


0  20  40  60 

Silicide  Thickness  (n») 


Figure  2 

Reverse  current  density  versus  titanium 
disilicide  thickness  at  a  reverse  bias  of  3v 
for  both  P+-N  diodes  and  P  -N  emitter-base 
junctions. 


Porward  bias  measurements  revealed  that  these 
junctions  were  now  operating  as  Schottky 
barrier  diodes  with  a  barrier  height  to 
n-silicon  of  0.9v  and  an  n  factor  of  1.24. 
This  barrier  height  is  considerably  greater 
than  that  reported  for  TiSi2-n-silicon  and  is 
due  to  the  thin  layer  of  boron  remaining  under 
the  silicide  which  acts  to  enhance  the  built 
in  potential  barrier.  The  measured  reverse 
leakage  current  is  much  higher  than  predicted 
by  ideal  Schottky  barrier  theory  and  may  be 
attributed  to  localised  roughness  of  the 
silicide. 


3.  MINORITY  CARRIER  INJECTION 

Minority  carrier  injection  ratios  were 
measured  using  the  P-N-P  bipolar  transistor 
structure  shown  in  Figure  3.  The  n-base 


Base  Emitter  Base 


A1  A1  AI 


Figure  3 


P-N-P  transistor  structure. 


region  was  obtained  by  furnace  diffusion  from 
a  spin-on  phosphorus  source.  A  reference 
standard  transistor  fabricated  with  a  0.6 
micron  thick  emitter  gave  a  transistor  common 
emitter  current  gain  of  200.  All  other 
transistors  employed  the  110nM  boron  junction 
and  a  range  of  silicide  thicknesses  from  zero 
to  120nM  were  formed  on  this  junction.  An 
outline  of  the  main  process  features  is  shown 
in  Figure  4. 

For  zero  thickness  of  silicide  the 
transistor  current  gain  has  fallen  to 
approximately  100.  This  can  be  attributed  to 
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Figure  4 

The  P-N-P  transistor  process  flow . 


the  fact  that  the  emitter  width  of  HOnM  is 
now  considerably  less  than  the  electron 
diffusion  length  in  the  emitter.  Thus  the 
reduction  in  emitter  width  has  resulted  in  a 
50%  reduction  in  emitter  efficiency  compared 
to  the  reference  long  emitter  transistor.  The 
use  of  a  SSnH  silicide  contact  resulted  in  a 
current  gain  in  the  range  40-50.  Again  this 
is  due  to  the  further  reduction  in  effective 
emitter  Gummell  number  due  to  consumption  of 
the  silicon  during  silicide  formation.  The 
emitter  efficiency  has  therefore  been  reduced 
to  about  20-25%  that  of  the  reference 
transistor.  A  further  increase  in  silicide 
thickness  to  125nM  ensured  complete 
consumption  of  the  boron  diffused  emitter. 
Current  gains  were  reduced  to  0.1  •  ’  for 
emitter  current  densities  up  to  lOA.cm-2. 
This  large  decrease  in  gain  was  due  to  the 
fact  that  the  emitter-base  junction  now 
consisted  of  a  Schottky  barrier  diode.  Thus 
emitter  efficiency  has  been  reduced  to  less 
than  0.05%  that  of  the  reference  transistor. 
The  measured  values  of  common  emitter  gain  for 
each  of  these  thicknesses  of  silicide  is 
plotted  as  a  function  of  emitter  current 
density  in  Figure  5. 


Figure  5 

Transistor  common  emitter  current  gain  versus 
emitter  current  density  for  a  HOnM  wide 
emitter  with  zero,  55nM  and  120nM  thicknesses 
of  TiSi  contact. 

The  forward  and  reverse  biased 
characteristics  of  these  emitter-base 
junctions  were  measured.  The  devices  with 
zero  and  55nM  silicide  thicknesses  exhibited 
similar  forward  X-V  characteristics  and 
reverse  leakage  currents  in  the  range 
10-7  -  10~8A.cm~2  at  a  reverse  bias  of  -3V. 
These  values,  plotted  in  Figure  2  are  in 
excess  of  those  measured  on  the  P+-N  diode 
test  structures.  However  It  should  be  noted 
that  the  P+-N  diodes  were  formed  in  relatively 
lightly  doped  substrates,  and  the  process  flow 
was  specifically  designed  to  reduce  the 
influence  of  surface  states,  metallic 
impurities,  lattice  imperfections  and 
phosphorous  snowplow.  The  transistor  test 
structures  had  base  doping  densities  of  the 
order  1077csT7  and  the  process  flow  was  not 
optimised  with  respect  to  these  effects.  It 
is  therefore  important  to  note  that  with  a 
55nM  silicide  thickness  the  emitter-base 
operates  as  a  P+-N  junction  whose  properties 
are  not  compromised  by  the  formation  of  the 
silicide.  This  compares  with  the  60nM 
silicide  formed  on  the  P+-N  diodes  where  a 
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Schottky  barrier  was  formed  and  the  reverse 
leakage  current  was  severely  degraded. 

The  I-V  characteristic  under  forward  bias 
conditions  in  the  emitter  base  junction  with  a 
120nM  contact  is  shown  in  Figure  6.  The 


Figure  6 

Forward  bias  characteristics  of  the 
emitter-base  junctions  contacted  with  120nM 
of  TiSi2. 

current  levels  measured  were  relatively  high. 
The  device  terminal  characteristics  were 
therefore  corrected  to  account  for 
approximately  2ko  of  base  resistance.  The 
emitter-base  junction  was  therefore 
characterised  as  a  Schottky  barrier  diode  with 
a  barrier  height  to  n-silicon  of  0.54v  and  an 
n  factor  of  1.2.  The  barrier  height  is  lower 
than  reported  for  Tisij  -  n-silicon  and  may  be 
due  to  the  fact  that  the  silicide  was  formed 
by  reaction  with  silicon  heavily  doped  with 
boron.  The  contact  therefore  consists  of  both 
titanium  disilicide  and  titanium  boride. 

The  reverse  bias  leakage  currents  of  these 
junctions  exhibited  values  of  the  order 
10'Sh.  This  is  considerably  higher  than 
predicted  by  ideal  Schottky  barrier  theory  and 
can  be  attributed  to  the  increased  roughness 
of  the  thicker  silicide  and  edge  effects. 


4.  CONCLUSIONS 

It  has  been  established  that  the  reverse 
bias  leakage  current  properties  of  an 
ultra-shallow  P+-N  junction  are  not 
compromised  by  the  formation  of  a  silicide 
contact  until  the  junction  becomes  a  schottky 
diode.  For  the  HOnM  junctions  employed  in 
this  work,  the  onset  of  schottky  operation 
occurs  when  a  silicide  thickness  of  between 
55nM  and  60nM  is  employed.  The  current 

densities  of  less  than  10~9A.cm-2  achieved  on 
the  diode  test  structures  are  much  lower  than 
other  values  reported  in  the  literature  for 
similar  junction  depths.  The  sheet  resistance 
of  these  junctions  can  therefore  be  reduced  to 
less  than  3ohms  per  square  using  55nM  of 

titanium  disilicide  without  compromising 

reverse  leakage  properties.  An  equally 

significant  feature  for  CMOS  circuits  is  that 
the  emitter  efficiency  of  the  parasitic 

bipolar  transistors  can  be  reduced  by 

decreasing  the  emitter  Gummell  number.  The 
llGnM  junction  contacted  with  55nM  TiSi 
exhibited  a  75*  reduction  in  emitter 

efficiency  and  therefore  a  factor  of  four 
increase  in  latch  up  resistance  as  compared  to 
a  reference  long  emitter  transistor. 
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This  paper  presents  a  novel  hysteresis  phenomenon  induced  in  the  latch-up  I-V  characteristic  of  CMOS 
structures  by  three  dimensional  effects  producing  strongly  bias  dependent  non-uniformities  in  the  current  lateral 
distribution.  This  behavior  has  been  experimentally  reproduced  in  a  lumped  element  circuit,  and  a  suitable  model 
is  presented. 


1.  INTRODUCTION 

Latch-up  represents  a  crucial  problem  to  be  solved  in 
the  scaling  down  of  device  dimensions  toward  the  submicron 
range.  In  the  study  of  this  phenomenon  it  has  been  shown 
[1,2]  that  three  dimensional  effects  play  an  important  role  in 
determining  the  latch-up  behavior  of  common  devices  (usu¬ 
ally  described  by  the  I-V  coordinates  of  the  holding  and 
triggering  points  in  the  SCR  characteristic),  as  well  as  their 
dependence  on  geometrical  dimensions. 

In  this  paper  we  will  show  that  such  effects  can  also 
produce  unexpected  but  reproducible  and  well  characterized 
hysteresis  phenomena  in  common  CMOS  structures. 

2.  EXPERIMENTS 

The  devices  used  in  the  experiments  were  fabricated 
with  a  CMOS  technology  based  on  bulk  p-substrate  of 
8  x  10 14  cm"*  with  6  pm  deep  n-wells.  Conventional  four 
stripes  test  structures  featured  different  top  view  aspect  ra¬ 
tios  (L=80,140  pm;  W =50, 100  and  200  pm)  and  p+  to  n+ 
spacing*  (S=4,8  pm).  The  contacts  on  the  p+  emitters  have 
been  splitted  in  several  equal  parts  (3  in  the  50  pm,  5  in  the 
100  and  200  pm  devices).  Control  devices  without  such  a 
splitting  were  also  fabricated  and  used  to  make  sure  that  the 
results  are  not  an  artefact  of  the  contact  geometry  and/or 
measuring  circuit  (fig.l). 

During  the  measurements  well  and  substrate  terminals 
were  shorted  with  the  p+  and  n+  emitters  respectively, 
backplane  substrate  contar*  was  kept  Boating,  and  the  de¬ 
vice  was  driven  with  a  current  source. 

Fig.2  is  a  photograph  of  the  I-V  characteristic  of  a  200 
pm  structure  (S=8  pm)  without  multicontact  p+  emitter. 
The  hysteresis  clearly  visible  around  the  holding  point  was 
found  (below  the  holding  point)  also  in  devices  with  W=100 


pm  but  not  in  the  50  pm  structures. 

The  width  of  the  hysteresis  cycle,  taking  place  at  very 
low  current  and  voltage  values,  is  about  20  mV.  This  implies 
extremely  small  power  level  differences  between  stable  limits 
of  the  hysteresis  and  allows  to  rule  out  the  hypothesis  that 
thermal  or  second  breakdown  effects  are  the  causes  of  this 
behavior. 


Fig.l  :  Schematic  representation  of  the  multi-contact  test 
structure  layout  and  measuring  circuit. 


Fig.2  :  I-V  characteristic  of  a  200  pm  structure  without 
multicontact  p+  emitter  (S=8  pm). 
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Fig.3  :  I-V  characteristic  obtained  with 
the  lumped  element  circuit  sketched  in  the 
insert  (i2„  ~  10000;  R,  ~  100(1). 
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Fig.4a,b  :  Current  density  (per  pm  of  W)  through:  a)  the 
lateral  p+  emitter  contacts  (A,o);  b)  the  intermediate  p+ 
emitter  contacts  (A,o)  and  the  well  contact  (e)  vs.  struc¬ 
ture  total  current  (S=8  pm, W =200  pm). 


Fig.4c  :  Current  density  (per  pm  of  W)  through  the  p+ 
emitter  contacts  of  60  pm  wide  structures  (S=8  pm)  vs. 
structure  total  current. 

Fig.3,  instead,  shows  a  similar  characteristic  obtained 
with  a  lumped  element  circuit,  sketched  in  the  insert,  baaed 
on  two  SCR’s  with  a  slight  difference  in  the  holding  volt¬ 
ages  (~5  mV)  connected  in  parallel  .  The  presence  of  the 
hysteresis  in  the  discrete  circuit  strongly  indicates  that  two 
different  devices  are  essential  for  the  phenomenon  to  take 
place. 

Fig.4  presents  the  current  densities  measured  at  var¬ 
ious  p+  emitter  sections  of  the  200  and  50  pm  wide  de¬ 
vices  as  a  function  of  the  total  current  (lt)  flowing  across 
the  structure.  In  particular  curves  in  fig.4a,b  refer  to  the 
lateral  and  intermediate  emitters  of  the  200  pm  device  re¬ 
spectively,  while  the  50  pm  stucture  is  reported  in  fig.4c. 
As  can  be  seen  the  current  excess  at  the  structures  edges  at 
the  holding  point  [’]  becomes  much  larger  with  the  device 
biased  well  in  the  conducting  state.  The  difference  between 
curves  L\  and  Lt  as  well  as  It  and  /],  increasing  with  total 
current,  is  probably  a  consequence  of  small  parasitic  contact 
resistance  dis uniformities. 

The  hysteresis  instead  is  associated  with  completly  dif¬ 
ferent  current  distributions  along  the  device  width.  In  fact 
once  the  structure  has  reached  the  f)  point  (where  current 
splits  almost  simmetrically  between  lateral  contacts)  a  fur¬ 
ther  decrease  in  /t  causes  current  crowding  at  one  side  of 
the  structure  while  the  other  rapidly  drops  out  of  latch-up 
(7  point).  The  comparison  between  flg.4a  and  b  points  out 
a  current  crowding  enhancement  below  the  holding  point. 
The  original  simnietric  situation  can  be  obtained  only  in¬ 
creasing  It  above  a  threshold  It,  higher  than  /-,.  Conversely 
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the  SO  pm  device  (fig. 4c)  exhibit*  the  Mine  current  distri¬ 
bution  above  and  below  the  holding  point. 

3.  DISCUSSION 

The  experiments,  as  the  lumped  element  circuit  indi¬ 
cates,  can  be  interpreted  by  means  of  the  structure  shown 
in  fig.3  composed  of  two  SCR’s  (SCRi  and  SCR]  respec¬ 
tively)  connected  in  parallel  and  exhibiting  slightly  differ¬ 
ent  I-V  characteristics  as  a  consequence  of  many  possible 
contributions  such  as  in  particular  distributed  contact  resis¬ 
tance.  In  this  model  for  any  given  It  the  SCR’s  bias  points 
(fi,V';/j,V)  must  be  such  that  Ii  +  It  =  It  while  the  pres¬ 
ence  of  R,  and  R*,  provides  a  coupling  term  between  the 
constituent  SCR’s. 

Let  us  now  discuss  the  structure  behavior  along  the 
descending  branch  of  the  hysteresis  cycle  (E  — *  a  — >  0  — *7 
in  fig.5b  or  E-+H-*a—»0-*'i  in  fig. 5c),  starting 
from  a  situation  where  the  current  distribution  is  essentially 
symmetric  (as  seen  in  the  experiments). 

With  the  SCR’s  in  the  low  impedance  condition  a  de¬ 
crease  in  It  causes  a  correspondent  decrease  in  V  until  SCR] 
reaches  its  holding  (Fig.  5a,  point  Hi)  while  SCRi  is  still 
in  a  positive  differential  resistance  region  (point  At).  If  /, 
is  now  further  lowered  there  are  two  possibilities;  a)  a  volt¬ 
age  V  >  VH7,  exists  such  that  Ii{V)  +  /j(V)  =  /,  and  the 
SCR’s  are  still  in  the  latched  state;  b)  the  previous  condition 
cannot  be  verified. 

In  the  latter  case  (Fig.  5a, b)  SCR]  drops  out  of  the 
latched  state  switching  from  Hi  to  Si  while  the  voltage 
across  SCRi  must  be  such  that  It(V)  =  It  (point  Ci).  Un¬ 
der  these  conditions  the  I-V  curve  of  the  complete  structure 
(Fig.  5b)  will  exhibit  a  discontinuity  (0  -»  7  Fig.  5b) 
around  its  holding  point  as  actually  found  in  the  200  pm 
devices  and  experimentally  reproduced  with  the  lumped  el¬ 
ement  circuit  of  fig.3. 

If,  instead,  a  voltage  V  >  Vh,  can  be  found  so  that 
It[V)  +  Ii(V)  —  It,  SCRj  will  enter  its  negative  resistance 
region  (H 1  -*  Rt)  while  the  SCRi  operating  point  moves 
from  Aj  to  Bi-  This  condition  holds  until  a  current  level 
1 1  is  reached  for  which  }i(/i)  +  Ji(/i)  =  0  and  A  +  ij  =  /,* 
where  is  the  differential  conductance  of  SCRi  (approx¬ 
imately  constant  and  positive  between  points  At  and  Bt) 
and  gi  that  of  SCR]  (negative  but  increasing  between  points 
Hi  and  Rt).  For  It  <  7t*  SCR]  drops  out  of  latched  state 
with  effects  similar  to  those  of  point  b).  While  It  decreases 
then,  V  reaches  a  minimum  (point  H  in  fig. 5c),  then  in¬ 
creases  slightly  and  finally  switches  on  the  other  branch  of 


Fig. 5  :  Schematic  representation  of  the  I-V  characteristics 
of;  a)  SCRi  and  SCRi  (see  insert  of  fig.3);  b,c)  the  whole 
lumped  element  equivalent  structure. 


the  hysteresis  cycle  (7). 

This  model  is  confirmed  by  the  lumped  element  circuit 
that  furthermore  allows  to  separately  measure  voltages  and 
currents  at  every  node  thus  exactly  clarifing  the  way  SCR] 
switches  off.  The  results  of  the  measurements  on  the  ac¬ 
tual  distributed  structures  are  shown  in  fig.4a,b  and  clearly 
indicate  that  when  SCR]  exits  the  latched  state  tens  or  hun¬ 
dreds  of  pA  still  flow  through  the  off  side  of  the  p+  emitter 
thus  pointing  out  that  the  SCR2  vertical  transistor,  that  has 
higher  shunting  resistance,  remains  in  its  high  gain,  normal 
mode  of  operation  but  its  collector  current  is  not  enough  to 
keep  the  lateral  npn  in  conduction.  Finally  the  experiments 
show  that  currents  flowing  through  the  well  and  substrate 
contacts,  hence  the  total  emitter  currents,  suffer  only  minor 
changes  during  the  0  — ♦  7  transition. 

Turning  now  to  the  other  branch  of  the  hysteresis  cy¬ 
cle,  i.e.  that  through  the  points  F  — *  7  — *  4,  we  deal  with 
a  circuit  that  operates  very  asymmetrically  so  that  it  is  no 
longer  possible  to  neglect  the  coupling  of  the  two  halves  of 
fig.6  (or  of  the  insert  in  fig.3),  as  implicetely  done  in  the 
previous  discussion.  In  the  starting  point  F  we  have;  T} 
off,  Ti  on  at  low  current  level,  T»  and  Tt  -  representing  the 
lower  holding  part  of  the  device  -  heavily  saturated.  The 
lateral  voltage  drop  due  to  majority  carrier  flow  underneath 
the  emitter  diffusions,  responsible  of  the  different  status  be¬ 
tween  the  left  and  right  sides  of  the  structure,  is  accounted 
in  the  model  via  r^,r,4,rWl,  and  rw, .  In  particular  at  7, 
rV|  is  crossed  by  the  small  7]  base  current  while  the  others 
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by  part  of  their  transistors  bypass  currents.  This  situation  is 
quite  different  from  that  of  point  $  where  currents  still  cross 
the  structure  simmetrically  and  Ti  base  emitter  voltage  Vm 
(~  Vj,4),  is  the  sum  of  two  terms:  the  drop  on  R,  due  to 
substrate  shunting  current  and  that  on  r,  due  to  the  high 
T\  collector  current.  In  terms  of  voltages  the  situation  at 
Tr  differs  from  that  at  0  because  the  voltages  across  «•„, 
and  r,,  are  much  smaller  (while  those  on  R*,  and  R ,  have 
not  changed  substantially,  as  the  overwhelming  part  of  the 
shunting  currens  now  Sows  through  the  heavily  saturated 
Ts  and  T4).  In  particular  VM  is  now  much  smaller  than 
Vj,4,  even  if  7i  is  not  really  switched  off,  since  its  collector 
current  is  in  any  case  much  smaller  than  that  of  T*. 

If  the  total  current  is  now  increased,  the  starting  value 
of  V».3  is  too  small  for  Tj  to  turn  on  and  a  positive  feed¬ 
back  with  T\  to  be  established.  The  threshold  for  this  to  be 
the  case  will  be  reached  again  only  when  It  reaches  a  large 
enough  value  /< .  Consequently  between  7  and  S  the  struc¬ 
ture  I-V  characteristic  is  substantially  different  from  that  of 
the  branch  a—»0. 

Of  course  the  actual  resistances  values  can  deeply  influ¬ 
ence  the  device  behavior.  In  particular  r ^  (r„f)  should  be 
sufficiently  high  compared  to  R.  (ff«)  to  induce  an  appre¬ 
ciable  difference  in  the  status  of  7j  and  Tt,  as  necessary  lor 
the  hysteresis  to  occur.  This  has  also  been  verified  exper¬ 
imentally  as  an  addition  of  external  resistances  increasing 
the  R/r  ratio  makes  the  hysteresis  disappear  in  all  cases. 
Insufficient  values  of  r,(  and  rv)/,  due  to  its  reduced  width, 
explain,  in  our  opinion,  why  no  hysteresis  can  be  found  in 
the  50  pm  devices. 


4.  CONCLUSIONS 

A  navel  hysteresis  phenomenon  caused  by  three  dimen¬ 
sional  effects  and  producing  etrongly  bias  dependent  non- 
uniformities  in  the  current  lateral  distribution  eras  observed 
in  the  latch-up  I-V  characteristic  of  CMOS  structures.  This 
behavior  has  been  experimentally  reproduced  in  a  lumped 
element  circuit  and  characterised  by  a  suitable  model.  Fur¬ 
thermore  it  is  shown  that  in  aride  structures  (sufficiently 
large  to  be  sketched  as  composed  of  different  sections  con¬ 
nected  in  parallel)  bistability  phenomena  can  take  place 
(due  to  slight  disuniformities  and/or  enough  large  traaversal 
resistive  coupling  between  the  various  sections). 

ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  Giuseppe  Corda  and 
Alfonso  Maurelli  of  SGS- Microelectronics  (Milan)  for  their 
technical  cooperation  and  support  in  realising  and  process¬ 
ing  the  devices  used  in  this  work. 

REFERENCES 

[1)  E.  Sangiorgi,  B.  Riccb,  and  L.  Selmi,  ’Three  dimen¬ 
sional  distribution  of  CMOS  latch-up  current’,  IEEE 
Electron  Device  Lett.,  vol.  EDL-8,  p.I54, 1987. 

[2]  A.  G  Lewis,  R.  A.  Martin,  T.  V.  Huang,  J.  Y.  Chen, 
’Three-dimensional  effects  in  CMOS  latch-up*,  DSDM 
Tech.  Dig.,  p.248, 1986. 


B3.I.4 


A  NEW  SCR  PARAMETER  EXTRACTION  METHOD  TO  HELP  DESIGN  FOR  RELIABILITY 
IN  CMOS  CIRCUITS 


K.ERDELYI 

Research  Institute  for  Technical  Physics  of  the  Hungarian  Academy  of  Sciences 
H-1325  Budapest,  P.O.Box  76.  Hungary 


G. KNAPP 

Microelectronics  Company 

H-1325  Budapest,  P.O.Box  21.  Hungary 

1. INTRODUCTION 

The  parasitic  SCR  action  in  bulk  CMOS  in¬ 
tegrated  circuits  has  been  extensively  studied. 
Although  there  are  several  experimental 
methods  to  determine  and  study  the  latch-up 
sensitive  parts  of  a  layout,  the  prediction  of 
latch-up  behaviour  is  strongly  desired. 

CAD  oriented  techniques  were  developed  to 
extract  latch-up  sensitive  parts  of  a  CMOS 
layout  (1)  thus  reducing  the  problem  to  elec¬ 
trical  simulation.  However  optimization  of  the 
model  complexity  is  required  because  of  the 
large  number  of  possible  paths  and  the  effort 
to  reduce  computational  time  and  cost  (2). 

The  prefered  lumped  element  equivalent  cir¬ 
cuits  have  the  disadvantage  of  inaccuracy  in 
comparison  with  the  2D  and  3D  models  since 
the  parasitic  structure  can  hardly  be  approxi¬ 
mated  by  a  network  of  individual  elements  (3). 

In  spite  of  this  there  is  still  a  need  for  one¬ 
dimensional  SCR  model  which  can  be  implement¬ 
ed  into  a  general  purpose  circuit  simulation 
program . 

In  the  following  sections  we  present  our 
results  on  SCR  parameter  extraction  by  fitin  - 
the  Gummel-Poon  model  on  discrete  bipolar 
transistor  characteristics  and  a  modified  para¬ 
meter  extraction  method  that  offers  a  better 
description  of  the  SCR  on-state  characteristic. 

2. GUMMEL-POON  MODELING 

Parameter  extraction  begins  with  determina¬ 
tion  of  initial  values  and  is  completed  by  a 
least-square  fit  on  input,  transfer  and  output 


characteristics.  To  avoid  irreal  final  parameter 
values  or  divergence, the  initial  values  should 
be  carefully  selected.  Parameter  determination 
technique  had  to  be  slightly  modified  as  the 
effects  of  unusual  parameter  values  of  parasitic 
bipolars  make  difficult  to  separate  the  different 
regions  of  operation.  The  Igd^/Ig)  versus 
lg(Ic>  in  normal  active  mode  (common  emitter 
configuration)  proved  to  be  efficient  to  deter¬ 
mine  the  termination  of  generation-recombination 
dominant  region  and  the  beginning  of  the  high 
level  injection  region  as  the  collector  current 
increases.  From  Gummel-Poon  equations  a  for¬ 
mula  for  lc/Ig  can  be  derived.  For  simplicity 
the  Early  effect  is  not  included  (eq.l.). 


where  BF  maximum  forward  beta 

ISE  B-E  leakage  saturation  current 
IS  transport  saturation  current 
NE  B-E  leakage  emission  coefficient 
IKF  corner  for  forward  beta 
high  current  roll-off 
NF  forward  current  emission  coefficient 
Note  that  the  equation  is  independent  of  resis¬ 
tances.  Applying  logarithmic  scale  a  slope  of 
(1-NE/NF)  can  be  derived  for  the  former  and 
-1  for  the  latter  region. 

Transfer  characteristics  were  used  to  deter¬ 
mine  parameters  responsible  for  normal  active 
behaviour  (eq.2,3)(SCR  off-state)  and  satura¬ 
tion  curves  to  characterize  the  device  with 
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Fig .  1 .  Bipolar  transistor  characteristics 

l.a.  npn  transfer  and  input  characteristics 

l.b.  npn  C-E.B-E  saturation  voltage  vs.  collector  current 

l.c.  pnp  transfer  and  input  characteristics 

l.d.  pnp  C-E.B-E  saturation  voltage  vs.  collector  current 


eq.l 

eq.2 

eg.  3 

eq.4 


lglc=  lgIS+(VBE-IBRB-(IB+IC)RE)/(NFVT) 


NR  reverse  emission  coef. 
Bp  meximum  revese  beta 

If.  /  IseBf  (Nf-n_)<vb--ihR--(I  +1  )B_)  .  B“=Ir/Ip 

■»-B-  *#„*  ■  -  ~TlrH~V°  B  C  B  )  S  °  8 


Nr(Bs+1) 

VCESAT'VCESO+IC(RC'1  SpBg"  re5 


-  ,  V1  '[ceso  j\  VBE_<RB+(BS+1)RE)IC/BS 

'  BESAT  *S  V1  Br  exp(  )rXp 
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both  junctions  forward  biased  (eq.4,5)  (SCR 
on  state). 

A  modified  gradient  method  was  used  for  ef¬ 
ficient  optimization  of  parameters.  The  compa¬ 
rison  of  calculated  and  measured  characteristics 
are  shown  in  Fig.l. 

The  calculated  parameters  (capital  letters) 
can  be  expressed  as  follows  (see  Fig. 3.): 


CP=rW+rCP 

RCN=rS+r< 

BP=rS+rBP 

RBN=rW+r 

EP=rEP 

REN=rEN 

For  first  order  SCR  modeling  input  parame¬ 
ters  were  determined  with  the  assumption  of 
positive  resistances; 
rW=  min(RCp,RBN) 
rg=  min(RCN>RBp) 

The  other  parameters  were  derived  in  compli¬ 
ance  with  the  selection  of  r^  and  rg. 

We  performed  SCR  simulation  with  these 
extracted  parameters.  In  spite  of  the  fairly 
good  parameter  fitting  of  bipolars,  it  was  found 
that  the  measured  and  calculated  SCR  data  dif¬ 
fer  significantly  especially  in  the  on-state  re¬ 
gion  Fig.  2. 

3. MODIFIED  SCR  PARAMETER  EXTRACTION 
In  order  to  get  better  description  of  latch- 
up  hardness  of  CMOS  structure  our  main  idea 
was  to  extract  the  model  parameters  from  the 
measured  on  state  characteristics.  The  parame¬ 
ter  V  j  (the  minimum  voltage  required  to  sus¬ 
tain  on-state)  is  prefered  to  the  commonly  used 
Ifiold  an<*  ^hold  8*nce  the  breakpoint  occurs  as 
the  sum  of  the  generator  impedance  and  the  ne¬ 
gative  impedance  of  the  structure  becomes  zero, 
so  these  latter  parameters  are  not  free  from 
measurement  scheme  dependence. 

To  obtain  data  in  the  on-state  operation  re- 

&on  VWV1**  8nd  Vtot'Itot  characteristics 
were  measured  (Fig. 3.)  according  to  (4).  The 
selection  of  these  parameters  seemed  to  be  use¬ 
ful  to  describe  the  coupling  effect  between  bi¬ 
polar  structures.  • 


Fig.  2.  SCR  I-V  characteristic 
measured :  dashed  line 
simulated :  o 

A  non-destructive  DC  measurement  tech¬ 
nique  was  developed  for  Keithley  measuring 
system.  Current  generator  was  used  as  a  sup¬ 
ply.  A  current  value  greater  then  the  holding 
current  was  set  in  stand-by  state.  Latch-up 
was  triggered  by  displacement  current  initiated 
by  the  voltage  spike  at  turning  the  generator 
on.  The  forced  current  was  decreased  until  the 
the  compliance  limit  of  the  generator  was  sen¬ 
sed  at  the  device  terminals.  I  ,1  and  V.  . 

w  s  tot 

were  measured  during  the  process. 

The  measurements  were  carried  out  on  spe¬ 
cial  test  structures  containing  the  latch-up 
sensitive  part  of  a  CMOS  inverter  with  dif¬ 
ferent  geometries. 


Fig. 3.  Measurement  set-up. 
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On  the  basis  of  these  data  the  same  fitting 
procedure  was  performed  as  in  the  case  of  bi¬ 
polar  parameter  extraction  with  difference  in 
the  error  function  calculation: 

ERR  =  (ICN+ICP“Itot)  /rtot 


ICN  and  Icp  are  the  collector  currents  of  the 
n-  and  p-type  bipolar  transistors  respectively 
These  currents  were  determined  by  Gummel  - 
Poon  equations. 


!C  =  *C^VBE’ VBC’-^ 


where  VBE=  IgRg  for  P_tFPe  and  IWRW  *or 
n-type  transistors 

VBC=  ISRS+IWRW_Vtot  *or  both  tran” 
sistors 

x  repersents  the  parameters  of  transis¬ 
tors. 

Since  !c  is  an  implicit  function  an  internal  iter¬ 
ation  was  applied.  The  results  of  the  bipolar 
parameter  extraction  were  used  as  initial  para¬ 
meters  for  the  fitting  procedure.  The  calculated 
and  measured  SCR  values  are  compared  in 
Fig.  5. 


Fig. 5. SCR  I-V  characteristics 
measured:  solid  line 
simulated:  o 

4.  CONCLUSION 

The  parameter  of  SCR  model  based  on  fitting 
on  on-state  characteristics  provides  better 
agreement  with  the  measured  data.  However  the 
parameters  obtained  differ  significantly  from 
those  determined  from  measurements  of  bipolar 
transistors.  The  geometry  dependence  of  the 
extracted  parameters  needs  further  investiga¬ 
tion. 
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Degradation  modes  of  1.3  um  and  1.55  urn  buried  heterostructure  (BH)  distributed 
feedback  (DFB)  lasers  are  discussed  and  several  degradation  modes  are  clarified. 
DFB  lasers  essentially  fall  due  to  BH  interface  degradation  In  the  same  manner  as 
BH  Fabry-perot  (FP)  lasers.  Additional  degradation  modes  peculiar  to  DFB  lasers 
are  found  to  exist. 


1.  INTRODUCTION 

DFB  lasers  have  been  found  to  be  promising 
single  wavelength  light  sources  for  various 
optical  fiber  transmission  systems. 
Reliability  Is  a  very  important  factor  in  the 
application  of  such  lasers  to  transmission 
systems.  This  paper  discusses  failure  modes  in 
DFB  lasers.  Including  a  device  lifetime 
comparison  between  1.3  pm  and  1.55  pm 
InGaAsP/InP  DFB  lasers. 

2.  SAMPLE  PREPARATION 

The  1.3  pm  and  1.55  pm  DFB  lasers  used  In 
this  study  are  BH  types  without  a  phase  shifter 
In  their  cavity.  The  cavity  length  was  about 
300  um  and  stripe  width  was  1. 0-2.0  pm.  Theae 
lasers  were  obtained  from  liquid  phase  epitaxal 
(LPE)  wafers  through  the  cleavage  process. 
These  wafers  were  fabricated  as  follows:  (1) 
InGaAsP/InP  double  heterostructure  (DH)  wafers 
were  etched  down  the  mesa  structure  and  (2) 
then  the  mesa  side  walls  were  burled  with  a  p- 
and  n-  type  InP  layers,  and  an  n-type  InGaAsP 
layer  by  LPE.  The  typical  threshold  current  of 


these  DFB  lasers  is  about  20-30  mA  at  room 
temperature . 

3.  AGING  TEST  AND  RESULTS 
3.1.  Degradation  Modes 

In  general,  etched-mesa-buried-heterostructure 
FP  lasers  are  degraded  by  BH  interface 
degradation  between  first  step  growth  layers 
(DH  layers)  and  second  step  growth  layers 
(Burying  layers)  as  shown  in  Fig.  1  111.  This 
Interface  degradation  mainly  depends  on  the 
injected  current  density  rather  than  light 
output  power  and  these  degradation  modes  were 


FIGURE  1 

Degradation  of  BH  lasers.  Two  arrows  indicate 
the  degraded  areas. 
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clarified  In  decall  r'j.  Interface  degradation 
can  also  be  observed  In  DFB  lasers.  In 
addition,  a  ..-gradation  node  peculiar  to  DFB 
lasers  exist  which  severely  affect  their  aging 
characteristics.  DFB  lasers  with  super  liner 
current-light  output  characteristics  shorn  in 
Fig.  2  tend  to  be  unstable  during  aging. 
Lasing  wavelength  gradually  gets  shorter  or 
longer  depending  on  the  degree  of  degradation. 
This  phenomenon  is  mainly  caused  by 
inhomogeneous  optical  field  distribution  in  the 
active  region  due  to  inhomogeneous  injected 
current  flow. 


FIGURE  2 

Change  in  lasing  characteristics  of  1.55  urn  DFB 
laser.  Aging  for  20  h  was  carried  out  under  a 
constant  current  of  200  mA. 


These  degradation  modes  become  serious 
problems  in  terms  of  reliability,  if  the  lasers 
which  are  severely  degraded  by  above  discussed 
modes  are  applied  to  transmission  systems. 
However,  those  lasers  can  be  screened  by 
suitable  pre-aging  L2J . 

3.2.  Long  Term  Aging 

Aging  tests  were  carried  out  on  1.3  pm 
lasers  under  a  constant  power  of  8  mW/facet  at 
50*C  (average  driving  current  :  70  mA)  13].  The 
front  facet  of  these  lasers  was  coated  with  an 
anti-reflecting  (AR)  film.  The  results  of  the 
aging  test  are  shown  in  Fig.  3.  Before  this 


aging  test,  the  devices  were  subjected  to  a 
two-step  screening  test  and  only  lasers  which 
suffered  little  degradation  were  selected  for 
the  long  term  aging  test.  The  average 
increasing  rate  of  driving  current  was 
estimated  to  be  5  x  10  ^  h  *,  and  this  value  Is 
small  enough  to  assure  long  life  of  DFB  lasers. 
These  aging  tests  confirmed  that  there  is  no 
change  in  the  lasing  wavelength. 


0  2000  4000  6000  8000 


AGING  TIME,  h 
FIGURE  3 

Aging  characteristics  of  1.3  pm  DFB  lasers. 

For  1.55  pm  DFB  lasers  with  an  AR-coated 
facet,  the  same  screening  tests  and  preliminaly 
aging  tests  were  performed.  The  aging  was 
carried  out  under  a  constant  power  of  5 
mW/facet  at  50°C  (average  driving  current  :  80 
mA) .  The  average  increasing  rate  of  driving 
current  was  estimated  to  be  1  x  10  ^  h  *.  The 
wavelength  of  these  lasers  was  also  unchanged. 

The  increasing  rate  of  driving  current  for 
1.55  pm  lasers  was  smaller  than  that  for  1.3  pm 
lasers,  even  though  the  driving  current  for 
1.55  pm  lasers  was  larger  than  that  for  1.3  pm 
lasers.  This  fact  can  be  understood  as  an  BH 
interface  quality  difference.  The  BH  interface 
for  1.55  pm  lasers  is  cleaned  naturally  by  the 
melt-back  process  during  second  step  growth  and 
the  melt  back  process  hardly  occurs  for  1.3  pm 
lasers  [4].  (Here,  1.3  pm  lasers,  where  their 
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BH  Interfaces  were  artificially  cleaned  by 
a.  -c-back,  were  hardly  degraded  under  aging 
[4]  .)  This  resulted  in  the  lower  Increase  in 
driving  current  for  1.55  urn.  Under  severe 
aging  conditions (25* C,  20  mW/facet),  it  is  also 
confirmed  that  BH  interface  degradation  for 


FIGURE  4 

High  power  aging  characteristics  of  1.55  pm  DFB 
lasers  at  70°C. 

1.55  pm  lasers  is  small,  as  shown  in  Fig.  4. 
These  results  demonstrate  the  potential  for 
high  power  operation  of  1.55  pm  DFB  lasers 
without  a  large  increasing  in  the  driving 
current . 


4.  CONCLUSION 

Several  degradation  modes  in  DFB  lasers  were 
clarified.  DFB  lasers  essentially  fail  due  to 
BH  Interface  degradation  in  the  same  manner  as 
FP  lasers.  In  addition,  degradation  modes 
peculiar  to  DFB  lasers  were  found  to  exist. 
Through  suitable  screening  processes,  DFB 
lasers  can  be  selected  for  use  in  optical 
transmission  systems. 
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dfb  lasers  were  fabricated  for  the  first  tine  with  gratings  dry  etched  into  InP  substrate 
by  reactive  ion  bean  etching  (RIBE) .  Deformation-free  overgrowth  of  these  0.2  pa  deep 
corrugations  was  perforned  by  liquid  phase  epitaxy  (LPE).  Threshold  currents  (cw,25  #C)  as 
low  as  23  nA  demonstrate  that  no  severe  degradations  occur  in  these  devices  due  to  surface 
damage  caused  by  the  dry  etching,  single  node  operation  with  a  sidemode  suppression 
>  35  dB  is  obtained  due  to  strong  coupling  of  the  grating.  HF-neasurements  reveal  a  3  dB 
modulation  bandwidth  of  9  GHz  for  the  DFB-DC-DCPBH  structure. 


1.  INTRODUCTION 

Distributed  feedback  (DFB)  lasers 
with  stable  single  longitudinal  node  opera¬ 
tion  are  required  for  optical  fibre  trans¬ 
mission  systems  with  high  bit  rates  over  long 
distances. 

However,  the  fabrication  of  these  devices 
involves  very  critical  processing  steps  like 
diffraction  grating  formation  and  overgrowth 
of  the  fine  corrugations. 

Submicron  gratings  formed  by  wet  etching 
typically  show  lew  depth  to  width  aspect  ra¬ 
tios.  Their  profiles  are  determined  by  pre¬ 
ferential  etching  of  special  crystallographic 
planes.  This  leads  to  unfavorable  grating 
shapes  which  are  on  the  one  hand  often  dif¬ 
ficult  to  overgrow,  and  result  on  the  other 
hand  in  weak  grating  coupling  strength,  es¬ 
pecially  tdien  additional  degradation  occurs 
during  the  epitaxial  process. 

Recently  we  have  shown  that  the  application 
of  reactive  ion  bean  etching  (RIBE)  in  con¬ 
nection  with  effective  suppression  of  thermal 
deformation  before  liquid  phase  epitaxial 
(LFI)  '  ewth  is  -  promising  way  to  overcome 
the  .tY  »  mentioned  problems  and  to  realize 
the  »  .red  submicron  structures  in  the  in? 
material  .-ten  11,2). 

In  tr  ~iesent  work  this  technique  is 


successfully  applied  to  the  fabrication  of 
DFB-DC-DCPBH  lasers  in  the  1.3  pa  wavelength 
region. 

2.  DEVICE  TECHNOLOGY 

The  second-order  diffraction  gratings 
with  a  period  around  400  nm  are  formed  in 
photoresist  on  top  of  (100)  oriented  n-doped 
InP  substrates  by  holographic  lithography. 
These  patterns  which  are  aligned  along  the 
(Oil)-  direction  are  transferred  into  the  InP 
wafer  by  a  dry  etching  process.  A  mixture  of 
95%  argon  and  5%  oxygen  is  used  for  the  rea¬ 
ctive  ion  beam  etching  (RIBE)  performed  in  a 
commercial  system  with  a  Kaufman  type  ion 
source  (TePla,  Ribetch  160)  as  described  (2). 
Grating  structures  up  to  a  depth  of  0.25  pa 
are  obtained  in  this  way.  Afterwards  the  re¬ 
sist  mask  is  removed  in  an  oxygen  plasma 
followed  by  cleaning  in  organic  solvents  and 
a  thorough  oxide  removal.  No  additional  wet 
etching  of  the  semiconductor  surface  or  ano¬ 
dization  step  as  reported  in  [3]  is  necessary 
to  dissolve  the  residual  damage  layer. 

In  a  first  liquid  phase  epitaxial  step 
the  n-InGaAs?  waveguide  layer  (d^  ■  0.2  pa, 

X  -  1.15  pa)  is  grown  directly  on  the  corru¬ 
gated  substrate,  followed  by  the  undoped 
active  inGaAsP  layer  (d#  -  0.12  pm,  \  - 
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1.3  t»)  and  a  p-lnP  confinement  layer  (dc  - 
0.5  tsk)  completing  the  basic  DH- laser  wafer 
(Figure  1). 


FIGURE  1 

SOI  cross-section  of  a  laser  wafer  with  dry 
etched  grating  after  first  LPE  step. 

The  excellent  embedding  features  of  LPE  allow 
for  the  full  planarization  of  the  deep  corru¬ 
gations  by  the  waveguide  layer  and  guarantee 
the  planar  growth  of  the  active  layer.  Ap¬ 
plying  the  GaAs-cover  technique  during  low 
temperature  LPE  we  obtain  completely 
degradation-free  overgrowth  12]  of  the 
argon/oxygerv-RIBE  etched  trapezoidal  gratings 
as  demonstrated  in  Fig.  1.  Finally,  the  DFB 
wafers  with  dry  etched  gratings  are  processed 
to  index-guided  DC-DCFBH  lasers  [4]  sui¬ 
table  for  high  speed  operation. 

3.  RESULTS 

The  light/current  characteristic  of  a  DFB- 
DC-DCPBH  laser  incorporating  a  dry  etched 
deep  grating  is  shown  in  Fig.  2.  The  thre¬ 
shold  current  1^  of  this  180  urn  long  chip 
amounts  to  29.5  mA  under  cw-operation  at 
25°C.  A  quantum  efficiency  of  18%  (b.f.)  is 
measured  for  this  device.  Threshold  cur¬ 
rents  range  frcm  23  mA  to  31  mA  for  140  urn.  to 
220  /urn  long  lasers  cleaved  from  the  same  wa¬ 
fer.  Quantise  efficiencies  up  to  28%  are  ob¬ 
tained. 


drive  current  (mA) 


FIGURE  2 

Light-current  characteristic  of  a  dfb-dcpbh 
laser  fabricated  from  a  wafer  according  to 
Fig.l. 

Single  mode  operation  with  a  strong  side¬ 
mode  suppression  better  than  35  dB  is  obser¬ 
ved.  An  example  of  these  measurements  in  the 
temperature  range  from  10°C  to  40°C  is  shown 
in  Fig.  3.  In  this  figure  the  mode  spectra 
(log  scale)  of  an  as-cleaved  laser  without 
antireflection  coating  are  plotted  for  vario¬ 
us  temperatures  at  constant  drive  current  I 
"  2,7  Ith  (25°C) .  The  measured  emission  wave¬ 
length  shift  with  temperature  is  0.09  na/K 
which  is  typical  for  DFB  operation  corres¬ 
ponding  to  the  temperature  dependence  of  the 
refractive  index. 

Coupling  coefficients  k  of  DFB-lasers  are 
often  determined  from  subthreshold  stopband- 
width  measurements.  However,  due  to  the  do¬ 
minating  role  of  the  DFB  mode  even  below 
threshold  a  direct  evaluation  of  k  is  very 
difficult  for  the  present  lasers.  From  the 
depth  and  shape  of  the  grating  an  estimation 
for  k  based  on  St reifers  model  [5]  gives 
coupling  coefficients  well  above  100  1/cm. 


FIGURE  3 

Node  spectra  as  a  function  of  temperature  at 
constant  drive  current. 

To  test  the  HF  properties  of  our  lasers. 
Measurement  of  the  frequency  response  under 
sinusoidal  snail-signal  Modulation  was  per¬ 
formed.  Hie  results  are  depicted  in  Fig.  4  as 


FIGURE  4 


Small-signal  frequency  response  for  different 

Mae  levels. 


a  function  of  different  bias  levels  corres¬ 
ponding  to  various  optical  output  powers.  A 
maximum  3  dB  modulation  bandwidth  of  9  GHz  is 
measured  at  I  -  2.4  indicating  that  the 
laser  is  suitable  for  transmission  at  high 
bit  rates. 

4.  CONCLUSIONS 

DFB- Lasers  were  realized  for  the  first 
time  with  gratings  dry  etched  into  inP- 
substrate  as  deep  as  0.2  /as  by  reactive 
ion  beam  etching  (RIBE).  Deformation-free 
overgrowth  of  these  deep  corrugations  follo¬ 
wed  by  the  complete  laser  structure  was  per¬ 
formed  by  liquid  phase  epitaxy  (LPE) .  Thre¬ 
shold  currents  as  low  as  23  mA  at  room  tem¬ 
perature  under  cw  operation  indicate  that 
no  severe  degradations  occur  in  these  devices 
due  to  the  surface  damage  possibly  caused  by 
the  dry  etching.  From  the  low  threshold  va¬ 
lues  obtained  we  conclude  that  crystal  damage 
as  created  by  RIBE  is  in-situ  annealed  during 
the  LPE  process.  Therefore  we  can  fully  pro¬ 
fit  by  the  advantages  of  the  sharp  edged  and 
very  deep  dry  etched  gratings  resulting  in  a 
strong  coupling  with  a  sidemode  suppression 
better  than  35  dB  over  a  large  temperature 
range. 

In  addition,  excellent  high  frequency  cha¬ 
racteristics  due  to  the  DC-DCFBH  structure 
with  a  3  dB  modulation  bandwidth  of  9  GHz  are 
observed. 

All  the  data  presented  above  are  first 
results  obtained  from  devices  which  are  not 
yet  fully  optimized.  Nevertheless,  the  capa¬ 
bility  of  this  type  of  lasers  for  optical 
fiber  coomni cations  is  clearly  demonstrated. 
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l.S  pm  distributed  feedback  buried  heterostructure  lasers  have  been 
fabricated  by  a  two  step  hybrid  LPE-MOVPE  growth.  A  threshold  current  of  38 
mA  and  a  single  node  DFB  operation  up  to  8  mW  in  CW  have  been  obtained  with  a 
new  atripe  design. 


1.  INTRODUCTION 

DFB  Lasers  are  promising  light  sources  for 
future  optical  communication  systems.  Their 
capability  of  maintaining  longitudinal  single 
mode  operation  under  high  frequency  current 
modulation  permits  an  increase  of  the  bit-rate. 
Their  narrow  linewidth  is  also  well  suited  for 
both  coherent  systems  and  wavelength  multi¬ 
plexing. 

In  order  to  improve  the  yield  and  the  repro¬ 
ducibility  of  laser  fabrication,  MOVPE  techni¬ 
ques  tend  to  replace  conventionnal  LPE  growth. 
MOVPE  gives  better  uniformity  in  composition  as 
well  as  in  layers  thicknesses  than  LPE[l-2]. 

The  use  of  MOVPE  has  been  previously  reported 
for  the  realization  of  ridge  DFB  laser a (3-4) and 
BH-DFB  laseraj 5).  In  the  latter  case,  the  fabri¬ 
cation  involves  three  epitaxial  steps  over  a 
corrugated  substrate  which  implies  the  use  of  a 
first  order  grating  to  obtain  low  threshold 
current(6].  In  our  case,  we  propose  a  BH-DFB 
laser  structure  realized  in  two  epitaxial  steps 
with  the  use  of  a  second  order  grating  etched 
into  the  quaternary  guide-layer. 

2.  MOVPE  REGROWTH  OVER  GRATING 

In  the  case  of  DFB-Lasers,  MOVPE  also  mini¬ 
mizes  the  grating  deformation  during  epitaxial 
regrowth (3),  this  is  of  great  interest  because 
the  grating  shape  defines  the  feedback  strength 
through  the  effective  index  variation  it 


implies. 

Two  reasons  could  be  invoked  to  explain  that 
preservation  s 

First,  the  heat  treatment  before  growth,  where 
most  of  the  deformations  occur  according  to 
[7],  is  very  short  in  an  MOVPE  technique  com¬ 
pared  with  the  homogeneisation  period  needed  in 
the  LPE  process.  This  prevents  any  thermal 
deformation,  providing  some  cares  will  be  taken 
in  the  gas  environment  during  heat. 

Secondly,  vapor  phase  epitaxy  is  an  irrever¬ 
sible  phenomena  excluding  any  redissolution  of 
the  grating  at  the  beginning  of  growth  as  it 
could  take  place  in  the  quasi-equilibrium 
liquid  phase  epitaxy. 

Moreover,  in  the  structure  we  proposed,  the 
grating  etched  in  the  quaternary  layer  above 
the  active  region,  is  less  sensitive  to  thermal 
deformation  than  one  etched  in  InP  because  the 
alloy  contains  less  phosphorus  ,  the  most  vola¬ 
tile  compound  among  the  constituents. 

However,  the  gas  ambient  before  MOVPE 
grating  overgrowth  is  very  critical  and  there 
is  a  controversy  reported  in  the  literature  : 

( 3 ]  claims  that  PH}  partial  pressure  enhances 
grating  deformation  before  overgrowth  when  (6] 
uses  a  PH}/AsH}  mixture  to  suppress  the  thermal 
decomposition  of  the  corrugated  layer.  So,  we 
have  performed  some  experiments  to  define  the 
gas  environment  needed  to  protect  the  surface 
corrugation  during  our  epitaxial  process. 
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FIGURE  1 

Etched  grating  in  InGaAsP  layer 

Figure  1  shows  a  scanning  electron  microscope 
(SEM)  photography  of  a  grating  made  by  classical 
holographic  exposure  and  chemical  etching  (a 
SijN^  layer  covers  it  for  lithographic  purpose 
as  explained  in  the  third  section).  The  period 
is  465  nm  and  the  depth  is  120  nm.  Me  have  done 
two  separated  InP  regrowths  by  atmospheric  pres¬ 
sure  MOVPE  on  part  of  the  wafer.  Figures  2a  and 
2b  show  the  grating  profile  after  1  pm  InP 
growth.  In  case  a,  1.2X  PH-j  by  volume  was  intro¬ 
duced  in  the  carrier  gas  whereas,  in  case  b, 
only  0.12X  PH  j  was  used.  In  both  cases,  the  gas 
was  introduced  from  room  temperature  to  the 
growth  temperature  of  620°C. 

One  can  remark  that  MOVPE  regrowth  introduce  a 
smoothing  of  the  grating  shape  but  no  change  in 
the  depth  whatever  the  PH}  partial  pressure  is. 
The  deformation  of  the  grating  profile  seems  to 
be  a  consequence  of  mass-transport  caused  by  the 
presence  of  PH}  as  explained  in  [3].  But,  on  the 
other  hand,  PH}  can  be  useful  to  prevent  the 
departure  of  phosphorus  from  the  surface  and  so 
to  minimize  the  non- radiative  recombination  of 
the  injected  carrier  at  the  InP- InGaAsP  corru¬ 
gated  interface.  So  we  better  use  1.2X  PH}  in 
the  carrier  gas  while  the  deformation  is  equi¬ 
valent  in  both  case. 

3.  LASER  STRUCTURE  AND  FABRICATION 

The  structure,  sketched  in  figure  3,  is 
fabricated  as  follows  <  first,  a  n-type  InP 
buffer  layer,  an  undoped  1.5  pm  GalnAsP  active 
layer  (0.2  pm  thick)  and  a  p-doped  1.3  pm 
GalnAaP  guide  layer  (0.2  pm  thick)  are 
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FIGURE  2 

MOVPE  growth  over  grating 

a)  with  1.2X  PHj  in  the  carrier  gas 

b)  with  0.12X  PH}  in  the  carrier  gas 

successively  grown  by  LPE. 

After  photoluminescence  characterisation  and 
epilayer  thicknesses  measurement,  the  grating 
parameters  -period  and  shape-  are  determined. 
The  grating  is  made  by  conventionnal  holo¬ 
graphic  exposure,  the  photoresist  width  is 
controlled  by  HeNe  (\s  6328  diffraction 
efficiency  measurement.  The  corrugation  is 
chemically  etched  into  the  waveguide  layer 
using  5BW  solution  [8] ,  depth  and  shape  esti¬ 
mations  can  be  done  again  from  HeNe  diffraction 
efficiency  measurement. 

Then  a  stripe  is  defined  into  the  quaternary 
layers  by  classical  lithography  and  selective 
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FIGURE  3 

Schematic  view  of  the  BH-DFB  structure 
grown  by  hybrid  LPE-MOVPE. 
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chemical  etching  through  an  Si jN^  mask.  Figure 
4a  shows  the  aspect  of  a  2  |ia  wide  stripe,  one 
can  notice  the  grating  lines  perpendicular  to 
the  atripe  direction. 

In  a  second  epitaxial  step,  a  p-type  InP 
cladding  layer  and  a  p+-type  InGaAsP  contact 
layer  are  grown  by  atmospheric  pressure  MOVPE. 
The  pregrowth  conditions  are  those  presented 
above.  The  preservation  of  surface  morphology  is 
also  efficient  for  the  stripe  as  can  be  seen  on 
the  SEN  photography  of  the  Buried-Ridge-Stripe 
(BRS)  structure  (figure  4b). 

After  the  regrowth,  the  definition  of  a  new  5 
pm  wide  stripe  in  the  contact  layer,  associated 
with  an  oxyde  layer  on  each  aide,  allows  the 
localisation  of  the  current  injection  through  an 
ohmic  p-contact.  The  wafer  is  then  thinned  down 
to  about  80  pm  and  back-side  metallisation  is 
done  for  n-contact.  Finally,  the  wafer  is 
cleaved  to  obtain  250  pm-long  laser  diodes  . 


a)  ,  lE™  W 


FIGURE  4 

Etched  stripe  a)before  and  b)after 
MOVPE  regrowth 

4.  LASER  CHARACTERISATION 

The  current  confinement  of  such  a  laser  was 
described  several  years  ago  for  structure  grown 
by  LPE[9]and  later  by  Low-Pressure  MOVPE  {lO] . 
The  enhancement  of  the  current  flow  through  the 
buried  ridge  is  due  to  the  difference  in 


diffusion  potentials  between  the  p-n  InP  homo¬ 
junction  on  each  aide  of  the  stripe  and  the  p-n 
InP/InGaAaP  heterojunction  within  the  stripe. 
In  our  case  today,  the  good  quality  of  the  p-n 
InP  homojonction  fabricated  by  hybrid  epitaxy 
process  leads  to  an  effective  current  confi¬ 
nement  up  to  150  mA. 

As  cleaved,  the  pulsed  L-I  curve  of  such  a 
laser  ia  shown  on  figure  5.  Threshold  currents 
as  low  as  38  mA  are  obtained.  This  value  is 
quite  low  in  spite  of  the  use  of  a  \=1.3pm 
guide  layer  which  leads  to  a  poor  electron 
confinement  in  the  active  region [ll].  Better 
confinement  and  lower  threshold  current  could 
be  obtained  with  lower  band-gap  guide  layer. 


FIGURE  5 

Pulsed  L-I  curve  with  38  mA  threshold  current 

For  CW  operations,  lasers  are  mounted  on 
copper  heat  sinks.  In  order  to  ensure  a  single 
mode  operation  of  most  of  the  diodes,  one 
cleaved  facet  is  anti-reflection  coated.  This 
prevents  the  competition  between  Fabry-Perot 
(FP)  and  DFB  propagation  modes  as  well  as  the 
two-mode  behaviour  theoretically  predicted (l2j 
for  a  perfectly  symetrical  cavity. 

After  this  treatment,  the  discrimination 
between  lasing  mode  and  the  most  important  side 
mode  ia  over  30  dB. 

Figure  6  shows  a  subthreshold  optical  spectrum 
where  a  23.7  X  wide  stop-band  is  clearly 
visible. 
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5.  CONCLUSION 
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FIGURE  6 

DFB  spectrum  below  threshold 

Using  the  coupled-mode  theory [12],  we  deduced 
from  this  measure  a  coupling  coefficient  of  90 
cm-1  (KL  =  2.3). 

Single- longitudinal  mode  operation  has  been 
maintained  up  to  S  mW  as  can  be  seen  on  the 
optical  spectra  in  insert  (figure  7).  Higher 
power  is  limited  in  this  structure  by  current 
leakage  through  the  InP  homojunction. 


FIGURE  7 

CW  L-I  curve  and  optical  spectrum 


We  presented  a  process  for  the  fabrication 
of  BH-DFB  lasers  Including  M0VPE  regrowth  over 
the  grating.  Threshold  current  down  to  38  mA 
and  single  mode  operation  up  to  8  mW  have  been 
obtained.  A  coupling  coefficient  of  90  cm-*  has 
been  deduced,  demonstrating  the  ability  of 
MOVPE  to  prevent  any  significant  grating  defor¬ 
mation  during  the  regrowth. 
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IP.  10.  -  INVITED  PAPER 


LIGHT-GUIDED  ETCHING  FOR  III-V  SEMICONDUCTOR  DEVICE  FABRICATION 

Dragan  V.  PODLESNIK 

Microelectronics  Sciences  Laboratories  and  Center  for 
Telecommunicatons  Research,  Columbia  University,  New  York  City 
New  York  10027,  U.S.A. 

The  rapid,  ultraviolet-induced  aqueous  etching  produces  vertical, 
high  aspect  features  in  GaAs  samples  of  different  crystal 
orientations.  Much  of  the  speed  and  anisotropy  of  the  etching  iB 
attributed  to  the  formation  of  efficient  hollow,  optical  waveguides. 
These  guides  have  been  characterized  by  measuring  the  optical  loss 
and  the  field  distribution  within  the  guide.  The  optical  loss  is 
typically  small  and  does  not  restrict  the  etching  of  deep  features. 


1  INTRODUCTION 

Rate  anisotropy,  which  results  in  a 
strong  spatial  directionality,  is  an 
important  characteristic  in  many  semi¬ 
conductor  processing  operations.  In 
recent  years,  the  work  with  the  aniso¬ 
tropic  etching  has  focused  on  its  use 
for  the  machining  of  semiconductor 
materials.  Vertical,  high-aspect  featu¬ 
res  are  an  important  requirement  in  the 
fabrication  of  advanced  electronic  and 
micromechanical  devices! 1].  The  close 
spacings  and  small  sizes  of  modern 
integrated  circuits  require  vertical 
etching  to  eliminate  the  undercutting 
of  adjacent  structures.  In  addition. 


the  third  dimension  of  a  semiconductor 
wafer  is  currently  being  investigated 
as  a  means  of  providing  additional 
electrical  interconnections! 2] .  In 
particular,  the  Interest  in  these 
through-wafer  interconnections  stems 
from  three  basic  goals:  to  reduce  the 
length  of  connections  between  devices 
for  faster  processing  rates;  to  reduce 
the  interference  and  crosstalk  between 
interconnections;  and  to  reduce  the 
area  occupied  by  interconnections  on 
the  surface  of  the  semiconductor  wafer. 
An  example  is  a  OaAs  FET  with  via 
connections  through  the  substrate! 3 1 . 
Such  transistor  has  higher  gain  at 


807 


microwave  frequencies.  higher  power 
density,  and  potentially  lower 
manufacturing  costs  than  a  conventional 
GaAs  field  effect  transistor. 

Finally,  anisotropic  etching  has 
been  extensively  used  in  nonelectronic 
applications! 1] .  Even  simple  holes  and 
grooves  etched  in  a  semiconductor  wafer 
(typically  silicon)  can  be  utilized  for 
many  applications.  One  usage  is  the 
generation  of  high  precision  molds  for 
microminiature  structures.  Patterns 
etched  clear  through  the  wafer  can  be 
applied  in  the  area  of  ink  jet  printing 
technology.  In  particular,  the  hole  on 
the  bottom  of  the  wafer  is  used  as  an 
orifice,  typically  about  20  um,  for  an 
ink  jet  stream! 1]. 

2  MECHANISMS  FOR  ANISOTROPY  IN  ETCHING 

Conventionally,  etching  anisotropy 
in  single-crystal  materials  is  achieved 
by  relying  on  a  crystal  plane  dependent 
process,  such  as  reaction  rates  in  wet 
chemical  etching.  This  crystallographi- 
cally  sensitive  etching  has  been  suc¬ 
cessfully  used  to  produce  deep  vertical 
features,  but  its  utility  is  restricted 
by  the  requirement  of  specific  and 
limited  crystal  orientations.  Localized 
electrochemical  jet  etching  has  been 
also  used  to  generate  vertical  holes  in 
semiconductor  wafers. 

When  etching  occurs  by  an  ion 


assisted  reaction,  etch  rate  anisotropy 
can  be  expected,  because  ions  are  inci¬ 
dent  normal  to  the  wafer  surface.  When 
a  semiconductor  is  plasma  etched,  in¬ 
corporation  of  an  appropriate  gas  ad¬ 
ditive  results  in  the  formation  of  a 
passivating  film  that  prevents  Bide 
wall  etching.  However,  a  perfectly  ver¬ 
tical,  through-wafer  feature  cannot  be 
made  with  ion  and  electron  beam  sources 
because  of  the  spreading  of  the  parti¬ 
cle  beam  and  loss  of  the  particle  flu- 
ence  with  increasing  feature  depth.  In 
addition,  the  massive  particle  bombard¬ 
ment  produces  typically  an  incurring 
damage  of  the  semiconductor  surface. 

In  this  paper  we  will  show  that 
laser-induced  aqueous  etching  with  the 
ultraviolet  beam  can  be  used  to  make 
deep,  high-aspect  features  irrespective 
of  crystal  orientation.  If  the  laser 
beam  is  incident  normal  to  the 
semiconductor  surface,  it  could  be 
expected  that  the  light-assisted 
etching  will  occur  primarily  in  the 
direction  of  the  beam.  But,  unlike  ion 
or  electron  beams,  the  laser  beam  is 
guided  by  the  etched  structure  itself 
via  glancing-angle  reflections  thus 
resulting  in  the  vertical  etching.  This 
waveguiding  effect  coupled  with  the 
rapid  etching  at  low  laser  intensities 
was  first  seen  in  the  ultraviolet  (257 
nm)  induced  aqueous  etching  of  GaAs[4]. 
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This  anisotropic,  laser-directed 
etching  is  then  also  seen  in  other 
semiconducting  material s[ 6]  and  in  some 
gas  phase,  laser  assisted  process! 7] . 
In  all  cases,  the  etching  is 
independent  of  crystal  orientation,  and 
does  not  rely  on  bombardment  with 
massive  particles.  Furthermore,  rapid 
etching  is  already  achieved  at  low 
laser  intensities,  thus  laser-induced 
damage  of  the  semiconductor  surface, 
which  is  characteristic  for  high 
intensity  irradiation,  can  be  avoided. 

3  EXPERIMENT 

For  the  etching  experiments  in  the 
ultraviolet,  the  257  nm  output  from  a 
frequency  doubled  argon-ion  laser  was 
used.  The  laser  light  was  manipulated 
by  a  scannable  optical  microscope; 
using  a  computer-controlled  microscope 
stage,  we  could  scan  the  sample  perpen¬ 
dicularly  to  the  axis  of  the  laser 
beam.  The  laser  beam  was  focused  to  a 
3-4  um  spot  with  a  lOx  microscope 
objective  (N.A.  =0.2)  onto  the  sample 
surface.  The  semiconductor  sample  was 
mounted  inside  a  quartz  cell,  which  was 
filled  with  a  liquid.  For  this  optical 
configuration  a  measured  confocal  beam 
parameter  was  approximately  25  um.  The 
incident  laser  power  was  measured  with 
an  ultraviolet  photodiode  placed  under¬ 
neath  the  microscope  objective.  The  pc 


wer  ranged  from  10  nW  to  100  uW,  corre¬ 
sponding  to  laser  power  densities  from 
100  mW/cm'  to  1  kW/cm1  ;  typically, 
1  W/cm1  was  used  in  experiments. 

Most  of  our  experiments  were 
performed  on  single-crystalline  (100) 
GaAs,  doped  with  Si  (n=10‘ •  cm- 1  ) . 
The  samples  were  of  different  thicknes¬ 
ses  which  ranged  from  40  um  to  250  um. 
In  addition,  three  different  crystallo¬ 
graphic  orientations  of  GaAs  crystals, 

( 111 ) A,  ( 111 )B,  and  (110),  were  briefly 
examined  for  the  Bake  of  comparison. 
The  etchant  was  a  diluted  HNO,  aque¬ 
ous  solution  (1:20  by  volume).  This 
solution  causes  no  dark  etching  and 
only  weakly  absorbs  ultraviolet  light. 
The  solution,  in  conjunction  with  the 
ultraviolet  illumination,  allows 
efficient  etching  of  all  doping  types 
of  GbAb. 

4  FORMATION  OF  HIGH  ASPECT  SURFACE 
RELIEFS 

The  ultraviolet  optical  properties, 
i.e.  the  high,  near  metallic 
reflectivity! 7]  give  rise  to  an  unex¬ 
pected  effect  seen  in  material  removal 
reactions  on  GaAs  surfaces.  This  effect 
is  the  extremely  high-aspect  features 
that  arise  as  a  result  of  optical 
waveguiding  in  surface-relief  struc¬ 
tures  as  they  develop  on  the  surface. 
This  waveguiding  effect,  coupled  with 


the  rapid  etching  at  low  laser  intensi¬ 
ties,  was  first  seen  in  the  ultraviolet 
induced  aqueous  etching  of  GaAs.  Subse¬ 
quent  experiments  have  shown  it  to  be  a 
more  general  phenomenon,  that  is  appli¬ 
cable  to  other  semiconducting  materi¬ 
als,  e.g..  Si  and  InP .  Light-guided 
feature  formation  is  observed  when  a 
focused,  patterned,  or  scanned  ultra¬ 
violet  laser  beam  is  used.  In  all  cases 
in  the  ultraviolet,  the  etched  structu¬ 
re  confines  and  efficiently  transmits 
the  laser  beam. 

The  possibility  that  the  vertical, 
ultraviolet- induced  etching  relies  on 
the  semiconductor  crystal  anisotropy 
was  ruled  out  after  the  etching  experi¬ 
ments  with  GaAs  samples  of  different 
crystallographic  orientations.  A  weak 
crystallographic  dependence  is  found, 
resulting  in  average  etch  rates  of 
7:9:9:11  um/min  for  the  (lll)A,  (100), 
(110),  and  ( 111 )B  faces,  respectively. 


Fig.l  SEM  micrograph  of  slits  etched 
through  a  GaAs  wafer. 


However,  perfectly  vertical  features 
are  obtained  for  all  the  etchings, 
proving  that  the  crystal  orientation 
does  not  affect  the  etched  profiles. 
This  characteristic  is  important  since 
it  allows  maskless  etching  of  vertical, 
high-aspect  profiles  in  all  crystallo¬ 
graphic  directions.  Note  that,  whereas 
the  ultraviolet  anisotropic  removal  is 
virtually  independent  of  crystallogra¬ 
phic  orientation  of  the  semiconductor 
crystal,  visible  light  does  show  a 
somewhat  stronger  crystallographic 
dependence ,  as  reported  in  [ 8 ) . 

Figures  1  to  2  show  typical  profi¬ 
les  of  microstructures  such  as  via 
holes  and  slits  formed  through  a  GaAs 
wafer.  The  slits  were  etched  by  scan¬ 
ning  the  wafer  perpendicular  to  the 
axis  of  the  laser  beam.  In  all  experi- 
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Fig. 2  SEM  micrograph  of  a  etched  groove 
in  GaAs:  close-up  of  the  side  wall. 
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ments,  the  laser  beam  was  focused  such 
that  the  beam  waist  was  on  the  front  of 
the  semiconductor  wafer.  The  entrance 
of  the  structures  is  well  defined  and 
the  surrounding  area  is  undisturbed.  A 
distinct  characteristic  of  these  fea¬ 
tures  is  their  smooth  and  vertical  side 
walls.  Their  width,  typically  2-3  urn, 
remains  virtually  constant,  independent 
of  the  etched  depth.  In  contrast. to 
this,  the  focused  laser  beam,  with  the 
3  urn  waist  diverges  considerably  over 
the  corresponding  distance,  as  shown  in 
Fig.  3  .  The  measured  confocal  beam 
parameter  is  only  25  urn  as  compared, 
for  example,  to  the  perfectly  vertical 
etch  through  the  200-um- thick  wafer. 
This  clearly  shows  that  the  processing 
beam  is  confined  inside  the  hollow. 


etched  structure  which  prevents  the 
beam  from  diverging. 

Because  the  vertical  features  are 
created  by  using  a  Gaussian  beam,  one 
might  think  that  their  profiles  should 
also  appear  Gaussian.  The  vertical 
walls  is  a  strong  deviation  from  the 
Gaussian  shape.  In  order  to  determine  a 
mechanism  for  the  formation  of  vertical 
waveguides,  we  monitored  the  develop¬ 
ment  of  holes,  as  shown  in  Fig. 4. 
Initially,  the  etch  profile  is  essen¬ 
tially  identical  to  that  of  the  inci¬ 
dent  laser  beam,  as  shown  in  Fig.  5. 
However,  as  the  etch  depth  increases, 
the  feature  assumes  a  tubular,  non- 
Gaussian  profile.  Fig. 5 

The  initial  formation  of  these 
anisotropic  features  from  a  focused 


Fig. 3  Comparison  of  the  etched  profile 
with  free-space  propagation  of  the 
focused  laser  beam. 
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Fig. 4  SEM  micrograph  of  the  temporal 
development  of  the  vertical  via  hole. 


Fig. 5  Initial,  Gaussian-ahape  etchings 
and  the  formation  of  tubular,  non 
Gaussian  profiles. 


laser  beam  with  a  beam  waist  of  4  um 
can  be  calculated  with  a  model  based  on 
the  use  of  ray  optics.  The  model  inclu¬ 
des  the  very  important  angular  depen¬ 
dence  of  reflectivity  and  absorption, 
which  for  the  case  of  a  lossy,  metal 
like  material  must  be  obtained  from  a 
modified  version  of  the  Fresnel  equa¬ 
tions.  In  this  case,  the  surface  slope, 
which  is  equal  to  the  local  Incident 
angle  of  the  laser  beam,  is  given  by 
8(z,r,t)=tan  ‘ [dz(t)/dr(t)J  (1) 

where  z(t)  and  r(t)  are,  respectively, 
the  time-dependent  vertical  and  radial 
coordinates  of  the  surface  structure. 
The  two  components  of  the  local  inter¬ 
face  velocity  of  removal  are  given  by 
(dz/dt)={kl(r) ( 1-R(8 ) )cos( 8 ) )cos( 6 )  (2) 
(dr/dt)={kl(r ) ( 1-R(8 ) )cos(8 ) }sin(8 )  (3) 
where  I(r)  represents  the  incident  Gau¬ 
ssian  beam  and  (1  -  R(8))  is  the  local 
absorption.  The  interface  velocity,  in 
braces,  is  assumed  to  be  linearly  pro¬ 


portional,  by  the  reaction  rate  cons¬ 
tant  k,  to  the  local  absorbed  light 
intensity.  The  cos(8)  term  in  Eqs.  (2) 
and  (3)  represents  the  change  in  inci¬ 
dent  power  deposited  on  the  surface  due 
to  surface  tilt.  The  last  term  in  EqB. 
(2)  and  (3)  represents  the  directiona¬ 
lity  of  etching  with  this  surface  tilt. 
Material  removal  is  always  perpendicu¬ 
lar  to  the  plane  of  the  surface. 

During  the  very  initial  stages  of 
formation  of,  say,  a  hole,  with  a  Gaus¬ 
sian  laser  beam,  all  the  angular  depen¬ 
dent  terms  are  inconsequential.  As  a 
result,  initially  the  surface  should 
follow  the  intensity  distribution  of 
the  laser  beam.  Therefore  the  initial 
feature  will  be  Gaussian. 

As  the  feature  walls  become  more 
vertical,  the  angular-dependent  terms 
mentioned  earlier  become  more  impor¬ 
tant.  Even  then,  for  an  incident  Gaus¬ 
sian  laser  beam,  the  surface  structure 
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takes  a  non-Gaussian  shape.  However, 
despite  this  non-Gaussian  effect,  the 
above  model  will  not  produce  the  strik¬ 
ing  features  with  vertical  walls  seen 
here.  Many  of  these  effects  occur  be¬ 
cause  light  begins  to  be  trapped  inside 
and  undergoes  internal  reflections  as 
the  hole  deepens.  Owing  to  the  angle 
dependent  reflectivity,  there  is  still 
enough  power  reflected  off  the  side- 
walls  to  be  subsequently  absorbed  as 
the  light  again  strikes  a  different 
portion  of  the  surface.  This  first 
internal  reflection,  or  second  strike, 
does  contribute  significantly  to  the 
formation  of  the  features.  Figure  6 
shows  this  computer  simulation  of  via 
hole  development  that  includes  internal 
reflections  to  the  first  order.  These 
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reflections  can  have  a  pronounced 
impact  on  the  developing  shape  of  a 
cylindrical  hole. 

All  the  model  figures  display  an 
overall  appearance  that  is  in  agreement 
with  an  actual  via.  Eventually,  a  por¬ 
tion  of  the  side  wall  becomes  sloped  to 
such  a  glancing  angle  that  the  laser 
light  from  the  first  strike  is  comple¬ 
tely  reflected.  Also, when  the  hole  is 
deep  enough,  the  second  strike  resul- 


ting 

from 

the 

reflections 

off  the 

bottom 

does 

not 

affect  the 

shallower 

parts  of  the  walls.  Wall  erosion  there¬ 
fore  eventually  stops.  The  incident 
beam  is  then  optically  guided  through 
the  hole,  while  vertical  etching  conti¬ 
nues  at  the  bottom.  Under  these  condi¬ 
tions,  etching  can  bee  properly  modeled 
as  a  self  propagating  waveguide. 

In  fact,  much  of  the  speed  and 
anisotropy  of  the  etching  can  be  attri¬ 
buted  to  the  properties  of  these  opti¬ 
cal  waveguide-like  features.  In  parti¬ 
cular,  the  optical  loss  is  small,  even 
for  200-  to  300-um- thick  samples,  and 
does  not  significantly  limit  the  etch 
rate  with  increasing  feature  depth. 
Further,  the  continuation  of  etching 
even  in  the  heavily  solvated  liquid  at 
the  bottom  of  a  deeply  etched  feature 
is  indicative  of  the  active  chemistry 
induced  by  the  ultraviolet  light. 


Fig. 6  Calculated  hole  development  with 
(solid  line)  and  without  (dashed  line) 
first  Internal  reflection. 
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5  OPTICAL  WAVEGUIDE  FORMATION 


One  of  the  Boat  interesting 
consequences  of  the  unusual  laser 
chemistry  described  above  is  that  it 
permits  the  formation  of  long  cylindri¬ 
cal  tubes  or  vias  in  semiconductor  wa¬ 
fers.  In  fact,  they  are  miniature,  hol¬ 
low  semiconductor  waveguides.  This  un¬ 
usual  microstructure  has  suggested  a 
number  of  novel  applications  in  micro¬ 
electronics  and  integrated  optics,  in¬ 
cluding  vertical,  high-density  optical 
fiber  interconnects , [ 9 ]  through-wafer 
optical  light  guides, (10]  and  high  den¬ 
sity,  through-wafer  vias  for  electrical 
interconnections  from  the  front  to  the 
back  of  silicon  or  GaAs  integrated 
circuital  3 ] . 

It  was  already  suggested  that  the 
guiding  of  the  laser  beam  is  an  impor¬ 
tant  factor  in  determining  via-hole 
profiles  and  etch  rates.  The  circular 
hollow  dielectric  and  metallic  wave¬ 
guides  have  been  thoroughly  discussed 
by  Marcatili  and  Schmeltzerl 11] .  To 
illustrate  some  of  the  features  of  the 
hollow  semiconductor  waveguide,  we 
applied  a  similar  analysis  for  the  via 
holes  etched  through  GaAs  samples.  The 
theory  and  the  experiment  showed  ex¬ 
cellent  agreement.  Figure  7  shows  the 
attenuation  coefficient  of  the  hollow 
GaAs  waveguide  as  a  function  of  hole 
diameter.  In  agreement  with  the  theo- 


Fig.7  Attentuation  coefficient  of  the 
hollow  GaAs  waveguide  as  a  function  of 
hole  diameter,  measured  for  257-nm  and 
514-nm  wavelengths. 


ry. 

the  measured 

attenuation  coeffi- 

cient 

was  6.3  times  larger  for 

514  nm 

than 

for  257  nm  light.  Such  high  opti- 

cal 

attenuation 

in  conjunction 

with 

less 

efficient 

photochemi str y 

is  a 

reason  that  the 

visible  laser 

light 

doeB 

not  exhibit 

the  same  waveguiding 

effect. 

6  CONCLUSIONS 

In  this  paper  we  have  shown  that 
the  rapid,  ultraviolet-induced  process 
produces  high-quality  vertical  etching 
through  standard  thickness  GaAs  wafers. 
This  directional  etching  is  attributed 
in  part  to  the  formation  of  efficient 
optical  guides,  so  that  the  laser  pro¬ 
cessing-beam  is  guided  by  the  etched 
structure  itself.  Applications  of  this 
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technique  to  novel  electro-optical 
devices  and  through-wafer  electrical 
connections  are  currently  being 
explored . 

At  this  point,  however,  many 
important  questions  remain  unanswered. 
For  example.  In  the  very  deep  etched 
features,  to  what  degree  does  capillary 
flow  caused  by  concentration  or  density 
gradients  influence  the  etching?  Fur¬ 
thermore,  in  the  formation  of  submicro¬ 
meter  gratings  by  laser  interferometry, 
it  is  known  that  surface  electric 
fields  formed  between  dark  and  illumi¬ 
nated  areas  significantly  influence  the 
shape  of  the  grating  groove  profiles. 
To  what  degree  do  surface  fields  influ¬ 
ence  the  etched  features  seen  in  our 
experiments?  These  questions  as  well 
as  the  nature  of  the  microscopic  che¬ 
mistry  at  the  semiconductor  surface 
remain  fertile  ground  for  further 
studies. 
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A  discussion  of  fundamental  power  limits  of  GaAlAs/GaAs  and  InGaAsP/InP 
lasers  is  followed  by  a  review  of  design  approaches  and  of  the  current 
status  of  development  of  high-power  semiconductor  lasers. 

Newly  designed  structures  and  sophisticated  crystal  growth  techniques 
have  shifted  the  power  limits  of  coherently  emitting  GaAlAs  single¬ 
element  lasers  and  arrays  beyond  1  W  of  continuous  wave  (CW)optlcal 
power,  while  InGaAsP  lasers  of  comparable  structures  have  so  far  been 
thermally  limited  to  about  200  mW  CW  power  output.  Power  levels  assu¬ 
ring  adequate  device  reliability  of  around  100  mW  are  predicted  for 
lasers  from  both  material  systems.  Thus  the  application  potential  of 
semiconductor  diode  lasers  has  been  appreciably  widened. 


1 .  INTRODUCTION 

Due  to  their  many  attractive  features, 
semiconductor  diode  lasers  are  especially 
fascinating  among  the  solid-state  devices  of 
today.  They  offer  distinct  advantages  over 
gas  and  other  lasers:  small  size  direct  mod¬ 
ulation  capability,  high  power  conversion 
etficlency,  low  drive  voltage  and  high  reli¬ 
ability. 

The  realization  of  these  advantages  in  a 
practical  device  under  the  increasing  demands 
of  various  applications  has  remained  a  chal¬ 
lenging  task  over  the  past  25  years  since  the 
first  demonstration  of  the  laser  diode.  The 
complex  and  intricate  fabrication  technology 
required  by  these  devices  was  responsible  for 
the  enormous  research  and  development  effort 
expended  by  many  laboratories  throughout  the 
Industrialized  world  which  led  to  the  present 
stage  of  development  where  a  multitude  of 
laser  structures  are  availble  for  many  dif¬ 
ferent  tasks.  The  Important  industrial  applica¬ 
tions  of  laser  diodes  arrived  first  In  the 
late  1970s  In  fibre-optic  communications  and 
in  digital  audio-disk  players;  intense  re¬ 
search  and  development  efforts  together  with 
very  rigorous  system  demands  finally  resulted 
in  a  first  generation  of  compact,  rugged  and 
reliable  devices  which  had  a  stable  beam, 


modulation  capability  of  up  to  1  Gbit/s,  and 
could  be  efficiently  coupled  to  optical 
fibres.  A  rather  low  optical  power  output  of 
several  milliwatts  was  mostly  sufficient  for 
these  applications. 

In  recent  years  the  development  of  semi¬ 
conductor  lasers  is  characterized  by  increas¬ 
ing  efforts  to  extend  performance  limits 
which  is  demanded  by  many  novel  applications. 
Since  it  became  evident  that  the  achievable 
optical  output  power  could  be  dramatically 
increased  beyond  the  low  milliwatt  range, 
there  is  vital  interest  to  exploit  this  high- 
power  capability  for  optical  recording  sys¬ 
tems,  laser  printers,  data  distribution  sys¬ 
tems,  space-communication  between  satellites, 
pumping  of  miniature  solid-state  lasers, 
micro-surgery  and  other  applications.  An 
eventual  success  of  the  diode  lasers  -  in 
competition  with  the  gas  laser  -  depends  much 
on  the  extent  to  which  it  can  meet  the  addi¬ 
tional  technical  demands  imposed  by  these 
applications,  partlculary  as  far  as  optical 
power  and  related  features  are  concerned. 

This  paper  summarizes  basic  limitations,  de¬ 
sign  principles  and  solutions  obtained  over 
the  past  few  years  towards  achieving  maximum 
optical  power  output  from  semiconductor  la¬ 
sers. 
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2.  REQUIREMENTS  AND  DESIGN  ASPECTS 

The  above-mentioned  applications  Impose 
new  stringent  requirements  In  addition  to  those 
known  for  low-power  laser  diodes.  Most  Im¬ 
portant  are  a  high  output  power  level  (typ¬ 
ically  beyond  bout  50  mW)  as  well  as  a  narrow 
far-fleld  pattern  and  -  In  specific  cases  - 
a  small  spectral  width.  With  the  fulfillment 
of  these  demands,  the  diode  laser  has  become 
one  of  the  most  highly  stressed  semiconductor 
devices  in  terms  of  intense  optical  and  elec¬ 
trical  fields  and  thermal  loading.  Thus  one 
must  pay  special  attention  to  the  question  of 
a  satisfactory  lifetime.  Consequently,  a  ba¬ 
sic  goal  in  the  development  of  diode  lasers 
is  to  extend  their  catastrophic  and  thermal 
limits  to  very  high  optical  power  (Fig.  1)  so 
that  somewhat  lower  usable  power  levels  are 
then  achieved  with  negligible  degradation  of 
per for  mance.  The  lasers  must  therefore  be 


designed  to  have  a  high  overall  efficiency 
for  the  conversion  of  electrical  to  optical 
power  which  means  that  particularly  high 
slope  efficiencies  and  and  low  threshold 
currents  Ith  are  required  in  addition  to 
a  good  thermal  design  of  the  laser  chip  and 
heat-sink  (Fig.  2).  These  aspects  and  other 
demands  for  diode  lasers  lead  to  a  multitude 


FIGURE  1 

Light-current  characteristics  of  a  semicon¬ 
ductor  diode  laser,  in  a  schematic  repre¬ 
sentation:  I  diode  current,  Ith  threshold 
current,  P  optical  power,  PCqD  power  limit 
due  to  catastrophic  optical  degradation, 

P»h  power  limit  due  to  thermal  effeots.p^ 
differential  efficiency. 


FIGURE  2 

Schematic  representation  of  a  semiconductor 
diode  laser. 

of  complex  and  sometimes  even  conflicting 
requirements.  Solutions  have  been  found 
through  newly  developed  laser  structures 
which  are  different  from  and  more  sophisti¬ 
cated  than  the  earlier  low-power  lasers. 

These  either  allow  for  additional  de¬ 
grees  of  freedom  in  design  or  inherently  rely 
on  an  improved  control  of  structural  parame¬ 
ters  through  the  utilization  of  precise  mate¬ 
rial  growth  methods  such  as  MOVPE  or  MBE.  In 
the  following,  a  more  detailed  systematic  de¬ 
scription  of  solutions  for  obtaining  high  op¬ 
tical  power  from  semiconductor  lasers  is  giv¬ 
en  together  with  the  features  of  some  recent 
diode  structures  representative  of  the  state 
of  the  art  in  this  field. 

Short-wavelength  devices  -  composed  of 
GaAlAs/GaAs  heterostructure  layers  and  emit¬ 
ting  at  wavelengths  between  0.77  and  0.88  pm 
-  and  long-wavelength  devices  -  made  of  layers 


of  InGaAsP/InP  and  radiating  at  1.3  to  1.6  tun 
-  will  be  treated  in  aeparate  sections  since 
maximum  output  power  is  limited  by  different 
mechanisms  lm  the  two  material  systems. 

3.  GaAlAs/GaAs  LASERS 

Output  powers  of  conventional  GaAlAs 
lasers  under  pulsed  and  CW  operation  are 
limited  by  catastrophic  optical  damage  (COD) 
at  the  laser  mirrors  /I/.  Additionally,  eros¬ 
ion  of  unprotected  facets  by  the  atmosphere 
may  occur  even  at  much  lower  optical  power 
levels  /2/ .  The  basic  mechanism  responsible 
for  COD  is  the  local  heating  caused  by  ab¬ 
sorption  of  radiation  near  the  facets  /3/  and 
by  nonradiative  recombination  of  carriers  at 
the  facets  /I/. 

For  pulsed  laser  operation,  the  catastrophic 
optical  power  density  limit  (PC0D)  depends  on 
the  time  duration  of  the  optical  flux  and  on 
the  surface  recombination  velocity  s  at  the 
facets  (Fig.  3). 

Under  CW  operation  PCQD  is  given  in  good 
aproximation  /4/  by 

D 

1+  -- 
1-R  1  sL 

PCOD  <  T+R  *  r  ■  ~aL~  •  qmax 

where  R  is  the  mirror  reflectivity,  r  the 
optical  confinement  factor,  a  and  L  are 
respectively  the  effective  absorption  coef¬ 
ficient  and  diffusion  length  of  the  carriers 
in  the  absorbing  region  at  the  laser  facet, 
and  the  maximal  heat  flux  at  which  the 
facet  1st  destroyed. 

For  ordinary  GaAlAs/GaAs  DH  laser  struc¬ 
tures  D,  L,  s  and  qfflax  are  specific  material 
parameters  which  cannot  be  significantly 
Improved;  has  been  estimated  to  be 

around  3  MW/cm2  /4/,  giving  experimentally 
confirmed  values  of  the  critical  external 
optical  power  density  of  up  to  1  MW/cm2  /15/ 
depending  on  active  layer  thickness  and  A1 
contrations.  To  obtain  larger  absolute  optical 


FIGURE  3 

Optical  power  density  limit  PC0D  of  catas¬ 
trophic  optical  mirror  damage  as  a  function 
of  pulse  width  t  for  GaAlA3/GaAs  oxide 
stripe  lasers  with  different  methods  of 
preparation  (from  /4/):  LPE-grown  lasers 
(x)  with  1  kV  sputtered  mirrors,  (a)  with 
300  V  sputtered  and  AlgOj-coated  mirrors, 

(0)  MO  VPE-grown  lasers  with  cleaved  mir¬ 
rors.  Dashed  curves  are  calculated  for  0.1 
um  active  layer  thickness  and  3  um  stripe 
width;  the  surface  recombination  velocity  3 
at  the  facet  is  varied  as  a  parameter. 

power  values,  various  ways  have  been  u3ed 
singly  or  in  combination,  to  influence  the 
remaining  parameters  a,  R  and  the  spot  size, 
which  has  resulted  in  a  diversity  of  laser 
structures.  Early  attempts  were  aimed  at 
decreasing  the  ratio  of  inner  to  outer  opti¬ 
cal  power  through  the  use  of  anti-reflection 
coatings  on  the  facets.  Today,  this  is  still 
used  in  addition  to  one  of  the  following  more 
basic  methods: 

Decreasing  local  absorption  and  carrier 
flux:  A  very  effective  approach  to  eliminate 
the  effect  of  local  absorption  of  laser  radi¬ 
ation  and  the  resulting  carrier  flux  to  the 
facet  is  the  non-absorbing  mirror  (NAM)  or 
"window"  laser.  In  this  solution,  regions  are 
created  adjacent  to  the  mirrors  which  are 
transparent  to  the  laser  radiation  coming 
from  the  inner  part  of  the  resonator.  A  NAM 
effect  is  achieved  either  by  selectively  in¬ 
creasing  the  band  gap  of  the  material  at  the 
facet  or  by  lowering  the  band  gap  and  the 
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photon  energy  of  the  laser  radiation  In  the 
Inner  region  of  the  active  layer.  This  prin¬ 
ciple  was  first  demonstrated  for  the  latter 
case:  by  diffusion  of  zinc  into  the  laser 
cavity  except  at  the  facets,  the  lasing  energy 
was  shifted  to  a  long  wavelength.  A  markedly 
increased  CM  optical  power  density  of  up  to 
A. 7  MW/cm2  and  stable  fundamental  mode  opera¬ 
tion  up  to  55  mW  CW  were  thus  obtained  /5/. 
Such  a  laser  type  still  has  a  drawback,  how¬ 
ever:  it  requires  a  precisely  controlled  dif¬ 
fusion.  Lasers  with  a  transparent  higher  band 
gap  facet  have  been  realized  in  different  ways: 

(I)  In  burled-facet  type  structures  a  part 
of  the  facet  material  was  etched  away  during 
the  fabrication  process  and  replaced  by  a 
higher  band  gap  material  by  regrowth  /6,7/. 
Forcing  the  light  to  propagate  in  a  non-ab- 
sorblng  LOC  waveguide  (cf. following  section) 
up  to  the  facet  plane  -  In  addition  to  the 
previously  mentioned  diffusion  -  a  similar 
power  density  a3  for  the  diffused  laser  and 
CW  output  powers  of  up  to  88  mW  have  been 
attained  /7/. 

(II)  Impurity-induced  disordering  (IID) 
has  been  shown  to  be  a  highly  promising 
technique  to  Increase  the  band  gap  of  quantum 
well  materials  e.g.  selectively  disordering 
by  diffusion  the  regions  near  the  mirrors 
/8/.0f  the  possible  Impurities  Zn  and  Si,  the 
latter  is  preferable  /9/  due  to  the  signifi¬ 
cantly  lower  concentrations  needed  as  com¬ 
pared  to  Zn  where  the  higher  required  concen¬ 
trations  result  in  high  free  carrier  absorp¬ 
tion.  An  Increase  In  the  ultimate  optical 
power  of  multlquantum  well  (MQW)  lasers  by  a 
factor  of  2.5  Is  achieved  as  compared  to  MQW 
lasers  without  any  facet  protection  /10/. 

Introducing  current-blocking  layers  below 
the  active  layer  only  at  the  cavity  ends  has 
been  used  as  another  approach  to  suppress 
local  temperature  rise  near  the  facets.  In 
combination  with  an  enlargement  of  the  near 
field  spot  size  (cf.  following  section)  and 
application  of  reflective  and  anti-reflective 


coatings  respectvely  to  the  rear  and  front 
facets,  a  COD  power  density  of  about  5  MW/cm2 
In  CW  and  an  absolute  optical  power  of  120  mW 
could  be  obtained  at  an  emission  wavelength 
of  780  nm  /II/. 

Increasing  spot  size; 

A  successful  approach  to  high  power  diode 
lasers  consists  of  enlarging  the  spot  size  of 
the  near-fleld  pattern  to  reduce  the  optical 
flux  density  by  structuring  the  active  area 
both  vertical  by  and  parallel  to  the  Junction 
plane  (Fig.  2)  as  Illustrated  schematically 
In  Fig.  4.  For  the  vertical  Increase  of  the 
spot  a  frequently  employed  approach  13  the 
TAL  structure  /1 2/:  A  thin  active  layer  (TAL) 
with  a  thickness  below  0.1  pm  acts  as  a  very 
weak  waveguide,  so  that  as  much  as  90  percent 
of  the  optical  energy  spreads  out  into  the 
(non-absorbing)  cladding  layers.  Alternative¬ 
ly,  the  large  optical  cavity  (LOC)  structure 
/1 3/  broadens  the  effective  area  of  the  near- 
fleld  spot  with  the  aid  of  a  relatively  thick 
waveguide  layer  adjacent  to  the  active  layer. 
In  comparison  with  the  TAL  structure  the  LOC 
structure  has  a  disadvantage  because  It  re¬ 
quires  the  precise  control  of  two  parameters, 
i.e.  the  thickness  and  the  composition  of  the 
guide  layer  to  avoid  poor  mode  stability  in 
the  direction  perpendicular  to  the  junction. 
In  the  TAL  structure  the  active  layer  thick¬ 
ness  Is  the  only  critical  parameter;  thl3  can 
now  be  well  controlled  through  the  well-es¬ 
tablished  growth  methods  such  as  metal-organ 
lc  vapour  phasepltaxy  (MOVPE)  and  molecular 
beam  epitaxy  (MBE) .  Even  liquid-phase  epitaxy 
(LPE)  can  bring  forth  an  extremely  thin  ac¬ 
tive  layer  when  specific  mechanisms  of  growth 
on  a  ridged  substrate  are  utilized.  By  the 
use  of  this  concept  together  with  an  effec¬ 
tive  lateral  confinement  of  the  current  and 
multilayer  coating  techniques  for  the  facets, 
the  burled  twtn-rldge  substrate  (BTRS)  laser 
/1 4/  attains  a  maximum  CW  output  power  of  200 
mW  (Fig.  5)  and  a  fundamental  transverse  mode 
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FIGURE  4 

Schematic  croas  sections  of  diode  laser  structures  developed  to  in¬ 
crease  the  size  of  the  lasing  spot  at  the  mirror  in  the  vertical  (B) 
and  lateral  (C)  direction  with  respect  to  the  basic  structure  shown  in 
(A).  The  ellipses  around  the  active  regions  (dark)  schematically  re¬ 
present  the  local  field  distribution;  also  given  are  the  field  Intensi¬ 
ties  in  the  vertical  (X)  and  lateral  (Y)  direction. 


operation  at  more  than  100  mW  /I  4/.  A  de¬ 
crease  of  the  active  layer  thickness  below 
about  0.05  wm  leads,  however,  to  a  marked 
Increase  of  threshold  current  density  due  to 
the  decreasing  mode  confinement  factor  /1 5/. 
The  threshold  current  density  can  still  be 
lowered  nevertheless  through  the  use  of  a 
separate-confinement  heterostructure  (SCH) 
which  confines  the  injected  carriers  to  an 
even  narrower  layer  and  in  which  the  light  is 
separately  derined  in  a  wider  optical  cavity 
by  outer  heterojunctions  /1 6 , 1 7/ .  In  the 
special  case  of  a  graded- Index  separate-con¬ 
finement  heterostructure  (GRIN-SCH),  parabo- 
llcally  graded  waveguide  layers  on  both  sides 
of  the  thin  Inner  layer  are  used  to  support 
Gausslan-shaped  waveguide  modes  /1 8/.  SCH 
lasers  have  been  recently  produced  employ¬ 


ing  a  double  quantum  well  (DQW  SCH)  as  the 
inner  vertical  layer  structure  and  a  metal- 
clad  ridge  waveguide  for  the  lateral  confine¬ 
ment.  These  lasers  combine  high  zero  order 
mode  output  power  (56  mW  CW)  with  a  low 
threshold  current  (10-12  mA)  and  a  very  high 
external  differential  quantum  efficiency 
(41-46  >).  The  CW  burn-off  power  density  of 
these  MOVPE-grown  lasers  of  more  than  6.5 
MW/em^  (for  uncoated  facets)  is  the  highest 
value  reported  to  date  /1 9/. 

In  addition  to  increasing  the  spot  size  in 
the  vertical  direction,  it  is  also  possible 
to  spread  the  optical  power  in  the  plane  of 
the  Junction  (Fig.  4).  A  straightforward 
approach  is  to  use  a  wide  injection  stripe. 
Although  a  broader  cavity  may  permit  the 
existence  of  higher  order  modes,  this  is  not 
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FIGURE  5 

Output  CH  power  P  versus  current  I  of  a  BTRS 
GaAlAs  laser  with  TAL  structure.  Rf  and  R,, 
are  the  front  and  rear  facet  reflectivities, 
respectively  (from  /IV). 

a  principal  disadvantage  for  those  applica¬ 
tions  which  require  high  optical  power  from 
the  lasers  but  not  necessarily  concentrated 
in  a  single  lateral  mode.  A  serious  drawback 
in  early  broad  area  lasers,  were  the  slight 
inhoaogeneltles  created  through  Imperfect  LPE 
layer  growth  and  processing  technology.  The 
fl lamentation  created  thereby  induced  insta¬ 
bilities  due  to  multilateral  mode  oscillation 
and  caused  the  development  of  hot  spots  in 
the  near-field  pattern  stressing  the  facet  in 
that  area.  The  very  stringent  requirements  of 
high-performance  broad  area  lasers  with 
respect  to  lateral  and  longitudinal  homogene¬ 
ity  could  be  satisfactorily  met  only  recently 
with  the  advent  of  growth  techniques  like 
MOVPE  and  NBE.  Thus  e.g.  broad-area  GRIN  SCH 
lasers  with  very  thin  active  layers  could  be 
made  by  MBS  giving  excellent  lasing  uniformi¬ 
ty  across  the  entire  width  of  a  200  pm  wide 


facet  /20/.  A  better  homogeneity  also  im¬ 
proves  the  beam  quality  /21 / :  lasers  with  a 
100  urn  wide  cavity  and  a  single  quantum  well 
(SQH)  GRIN-SCH  structure  grown  by  MBE  exhibit 
a  high  degree  of  coherence  along  the  Junction 
plane  and  a  stable  and  very  narrow  beam;  in 
some  cases  as  low  as  0.8°  FWHM.  This  is  close 
to  the  diffraction  limit  and  is  of  relevance 
for  high-quality  imaging.  Another  benefit  of 
optimized  growth  conditions  is  an  improved 
external  quantum  efficiency  for  which  values 
of  up  to  80  t  have  been  reported  /22,23/. 

The  various  structural  approaches  towards 
broad-area  lasers  fall  into  two  categories. 

In  the  first  category  the  applications  re¬ 
quire  narrower  waveguide  structures  (up  to 
about  5um  wide)  to  maintain  a  single  lateral 
mode  /22,2U,25/ ;  in  the  second  this  condition 
has  been  eased.  Successful  examples  for  the 
latter  case  are  a  diode  laser  with  a  wider 
stripe  giving  710  mW  maximum  CH  optical  out¬ 
put  power  /26/  (Fig.  6),  1  H  output  power 
been  announced  for  a  wider  stripe  /27/,  and  a 
60  pm  wide  single-stripe  GaAlAs  SQH  GRIN  SCH 
laser  has  convered  less  than  3  H  of  electric¬ 
al  power  to  1 .5  H  of  multimode  CH  optical 
output  /28/. 

Demands  to  further  increase  the  absolute 
CH  output  powers  (i.e.  much  beyond  1  H)  have 
led  to  the  Integration  of  semiconductor  diode 
lasers  into  arrays  (cf.  Fig.  4). 

Of  the  two  types,  i.e.  incoherent  and  phase- 
locked  arrays,  the  latter  have  the  interes¬ 
ting  property  of  achieving  high  optical  power 
while  maintaining  a  coherent  optical  laser 
output.  The  necessary  lateral  coherence  can 
be  achieved  for  up  to  a  few  tens  of  adjacent 
stripes  limited  by  the  present  capability  of 
epitaxial  growth  methods,  array  processing 
and  chip-mounting  techniques.  These  have  to 
guarantee  a  sufficiently  uniform  lateral  and 
longitudinal  current  injection  and  heat  sink¬ 
ing. 

First  efforts  in  array  development  were 
aimed  at  a  low  threshold  current  density  and 


FIGURE  6 

Optical  CW  power  P  versus  current  I  of  an 
MOVPE-grown  broad- area  GaAsAs  laser  (from 
/26/). 

a  high  conversion  efficiency  as  primary  goals 
besides  high  power  output.  Using  multi-quan¬ 
tum  well  and  galn-guldlng  stripe  structures 
Tor  the  vertical  and  lateral  definition  of 
the  waveguide,  CW  optical  powers  In  the 
vicinity  of  2  W  /31.32.33/  have  been  obtained 
(Fig. 7).  Beam  quality  was  Inferior  due  to  the 
presence  of  higher-order  spatial  modes. 
Various  schemes  with  sophisticated  lateral 
and  longitudinal  structuring  have  been  tried 
to  promote  fundamental  mode  operation  and  a 
narrow  far-fleld  pattern  for  the  array. 
Dlffractlon-limlted  lobe  with  a  FWHM  of  0.7° 
has  already  been  attained  /34/. 

Still  higher  optical  powers  have  been  ob¬ 
tained  using  a  muoh  higher  number  of  stripes 
than  is  possible  with  coherent  arrays.  An 
Increase  in  absolute  power  within  one  year 
could  be  attained  starting  with  5.4  W  CM 
using  individual  arrays  containing  100  to  140 
stripes  735/  to  25  W  for  twenty  arrays  con¬ 
sisting  of  40  stripes  eaoh  arranged  along  a 
bar  1  cm  long.  They  were  driven  in  a  quasl-CW 
mode  with  150  usee  pulses  /36/. 

Impressive  values  of  80  W  /37/  and  114  W 
738/  per  centimeter  of  bar  length  have  been 
recently  announced. 


Of  importance  for  practical  applications 
of  semiconductor  lasers  are  the  maximum  reli¬ 
able  optical  powers.  For  GaAlAs  lasers  these 
are  much  below  the  record  values.  Yet  single¬ 
element  devices  are  about  to  extend  the  cur¬ 
rent  range  of  reliable  CM  powers  from  20  mW 
to  100  mW  and  above  7397.  Thus,  despite 
their  high  power  density  they  are  coming 
close  to  the  reported  power  levels  of  arrays 
of  100  mW  to  200  mW  with  median  lives  of 
22000  and  4900  hours,  respectively  /29/. 

4.  InGaAsP/InP  LASERS 

Long-wavelength  inGaAsP  lasers  are  dis¬ 
tinctly  less  prone  to  facet  degradation  than 
their  GaAlAs/GaAs  counterparts.  On  the  other 
hand,  InGaAsP  lasers  suffer  from  a  much 
higher  temperature  sensitivity  of  to  their 
threshold  current  density,  so  that  their 
performance  Is  seriously  affected  by  thermal 
limitations.  Therefore,  one  has  to  confine 
carriers  and  light  to  the  lasing  area  partic¬ 
ular/  well  in  order  to  obtain  high  power 
output  with  low  loss.  This  is  achieved  In 
present  developments  either  by  burled-hetero- 
structure  lasers  Incorporating  leakage-cur¬ 
rent-blocking  Junctions  beside  the  lasing 
stripe  or  by  ridge-guide  structures.  Anti-re¬ 
flection  and  hlgh-reflectlon  coating  of  the 
front  and  rear  mirror,  respectively,  are  also 
important.  Optical  powers  of  single-element 
1.3  pm  lasers  of  up  to  150  mW  and  200  mW  CW 
have  recently  been  reported  respectively  for 
distributed-feedback  740/  and  Fabry-Perot 
type  /417  lasers.  These  record  values  are 
much  below  those  or  GaAlAs  lasers. 

Higher  powers,  on  the  order  of  several  hun¬ 
dreds  of  mW  are  obtained  from  InGaAsP  edge- 
7427  or  surface-emitting  arrays.  Power  levels 
approaching  1  W  at  1.3  pm  have  been  an¬ 
nounced  for  the  latter  case. 
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FIGURE  7 

Light  (P)  va.  current  (I)  characteristics  for  three  examples  of 
GaAlAs/GaAs  laser  arrays  with  different  structures: (a)  40  stripes, 
symmetrical  mirror  coatings  /31/»  (b)  40  stripes,  asymmetrical  mirror 
coatings  /32/,  (c)  10  stripes,  MAM  structure  at  both  facets,  asym¬ 
metrical  mirror  coatings  /33/.  Rf  and  Rr  are  the  rront  and  rear  facet 
reflectivities,  respectively. 


5.  CONCLUSION 

Semiconductor  lasers  have  already  estab¬ 
lished  a  key  role  in  a  number  of  applica¬ 
tions.  With  the  newly  detected  possibility  of 
achieving  much  more  than  30  mW  of  reliable 
optical  power  and  up  to  many  watts  of  maximum 
power  it  will  become  increasingly  attractive 
to  substitute  bulky,  power-consuming  and 
expensive  light  sources  such  as  HeNe  and 
other  lasers  or  flash  lamps  with  diode  lasers 
in  more  and  more  applications.  Hlgh-power 
semiconductor  lasers  have  already  demonstra¬ 
ted  their  usefulness  in  many  areas  evsn  in 
the  present  status  of  their  developement  (of. 
also  /44,»$/)and  continuously  challenge  the 
MD  communltyto  extend  their  potential  to  an 
ever  widening  field  of  new  applications. 
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The  results  of  constant  voltage  stress  and  constant  injection  current 
techniques  are  discussed  concerning  dielectric  lifetimes  and  failure 
modes  of  a  thermal  oxide  layer  and  a  ONO-layer.  The  constant  voltage 
stress  shows  that  the  ONO-layer  has  a  prolonged  lifetime  and  a  lower 
amount  of  early  failures  compared  to  a  single  oxide  layer,  even  though 
the  charge  to  breakdown  of  the  ONO-layer  is  smaller  than  that  of  the 
thermal  oxide.  From  constant  current  stress  experiments  lifetimes  for 
different  dielectrics  e.g.  in  a  DRAM  application  can  only  be  inferred  in 
the  case  of  similar  electric  fields. 


1.  INTRODUCTION 

The  development  of  high  density 
DRAM's  requires  highly  reliable  thin 
dielectric  films  having  low  defect 
density  and  long  lifetimes.  Recently 
new  stacked  layers  e.g.  oxide/nitride 
or  oxide/nitride/ oxide  (ONO)  are 
produced  to  replace  thermal  oxide  in 
storage  gates  of  DRAM ' s  [1,2].  The 
purpose  of  this  work  is  to  discuss  the 
results  of  constant  voltage  stress  and 
constant  injection  current  techniques 
concerning  dielectric  lifetimes  and 
failure  modes  of  a  thermal  oxide  layer 
and  a  ONO-layer.  The  constant 
injection  current  technique  is  a 
convenient  tool  to  determine  the 
statistical  distribution  of  the  charge 
to  breakdown  Qj^,  which  is  used  to 
characterize  the  failure  mode  and  to 
compare  the  quality  of  thermal  oxide 
layers  [3].  However,  this  character¬ 
ization  method  applied  to  stacked 
layers  containing  thermal  oxide  can 
lead  to  errors  with  regard  to 
dielectric  lifetime. 


2.  PREPARATION  OF  SAMPLES 

Samples  for  this  study  were 
fabricated  on  (100)  orientated  p-type 
silicon  wafers.  The  20  nm  gate  oxide 
was  grown  in  dry  oxygen  (10%  HC1)  at 
900°C.  In  the  case  of  the  ONO-sample  a 
shallow  arsenic  implantation  was  added 
to  the  p-type  substrate.  After  thermal 
oxidation  to  grow  the  7  nm  thin  bottom 
oxide  layer,  LPCVD  nitride  was 
deposited  and  subjected  to  a  wet 
oxidation.  This  process  results  in  an 
8  nm  thin  nitride  and  a  3.5  nm  thin 
oxide  layer  on  top.  The  oxide  equi¬ 
valent  thickness  of  the  ONO-layer  is 
therefore  14.4  nm.  In  both  cases  the 
active  areas  were  defined  by  a  LOCOS 
process.  The  gate  electrode  is  a 
polysilicon  layer  which  was 
phosphorous  doped  from  the  gas  phase 
and  structured  by  photolithography  and 
etching.  Capacitors  with  areas  from 
10-4  mm2  to  1  mm2  were  available.  The 
samples  for  the  long  term  high 
temperature  constant  voltage  stress 
were  bonded^  in  ceramic  packages. 
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3.  EXPERIMENTAL  RESULTS 

In  Fig.  1  the  cumulative  failure  of 
the  capacitors  with  a  20  nm  thin 
thermal  oxide  is  plotted  versus  the 
logarithm  of  the  time  to  breakdown 
under  constant  voltage  stress  for  a 
capacitor  area  of  1  mm2  at  T=150°C. 

The  distributions  show  for  electric 
fields  above  6  MV/ cm  two  branches  with 
different  slopes.  At  the  fieldstrength 
of  6  MV/cm  the  steep  branch  is  not 


FIGURE  1 

Cumulative  failure  of  a  thermal  oxide 
(20  nm)  at  150°C  and  different 
f ieldstrengths . 
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found  during  the  time  period  of  3000 
hours.  In  Fig.  2  the  cumulative 
failure  of  ONO-capacitors  with  a 
14.4  nm  oxide  equivalent  thickness 
stressed  at  the  same  conditions  as  the 
thermal  oxide  is  plotted.  The 
cumulative  failure  steeply  begins  to 
rise  after  a  certain  period  of  time. 

At  a  fieldstrength  of  10  MV/cm  and  one 
second  stress  duration  34%  of  the 
thermal  oxide  capacitors  failed 
compared  to  1%  of  ONO-capacitors.  In 
Fig.  3  the  Q^-values  of  0.01  mm2  area 
capacitors  of  both  dielectrics 
stressed  at  a  current  density  of 
1  mA/em2  and  T=150°C  are  plotted  in  a 
Weibull  diagram.  The  mean  Qb(j-value  of 
the  ONO-layer  is  a  factor  of  100 
smaller  than  that  of  the  thermal 
oxide.  The  Qbd-distributions  of  ONO- 
capacitors  of  different  areas, 
measured  at  T=25°C  are  shown  in  Fig. 4. 
For  each  area  the  data  fit  straight 
lines  in  a  Weibull  diagram.  Addi¬ 
tionally  lines  with  a  spacing  equal  to 
the  logarithm  of  the  ratio  of  the 
areas  are  given. 
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FIGURE  2 

Cumulative  failure  of  the  ONO-layer 
(14.4  nm  oxide  equivalent)  at  150°c 
and  different  f ieldstrengths. 


FIGURE  3 

Cumulative  failure  at  constant  current 
injection  in  a  thermal  oxide  (20  nm) 
and  a  ONO-layer (14. 4  nm  oxide 
equivalent) . 
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FIGURE  4 

Cumulative  failure  of  the  ONO-layer 
(14.4  nm  oxide  equivalent)  at  constant 
current  injection.  The  shift  of  the 
failure  distribution  is  proportional 
to  the  ratios  of  areas. 


4.  DISCUSSION 

The  constant  field  stress  shows 
that  the  lifetime  of  the  ONO-layer  is 
orders  of  magnitude  higher  and  the 
amount  of  early  failures  is  lower 
compared  to  the  single  oxide  layer, 
even  though  the  Qbd  of  the  ONO-layer 
is  orders  of  magnitude  smaller  than 
that  of  a  thermal  oxide  with  the  same 
electrode  area.  In  Fig.  5  the 
logarithm  of  the  time  to  failure 
deduced  from  Fig.  1  and  Fig.  2  is 
plotted  versus  the  reciprocal  field- 
strength.  In  the  case  of  the  ONO-layer 
the  straight  lines  are  nearly 
parallel.  This  is  the  consequence  of 
the  equal  slopes  of  the  failure 
distributions  for  different  field- 
strengths  in  Fig.  2.  For  the  thermal 
oxide  the  straigth  lines  for  different 
failure  percentages  are  not  parallel. 
The  lines  are  inclined  against  each 
other  since  the  failure  distributions 
in  Fig.  1  are  composed  of  portions 
with  different  slopes. 
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FIGURE  5 

Time  to  failure  versus  1/E  deduced 
from  the  constant  voltage  stress  data 
of  Fig.  2  and  3  for  a  ONO-layer 
(14.4  nm  oxide  equivalent)  and  a 
thermal  oxide  (20  nm) . 

The  prolonged  lifetimes  of  the  ONO- 
layer  are  due  to  the  increased 
electron  trapping  compared  to  the 
oxide.  This  reduces  the  leakage 
current  through  the  insulator  [4]. 

The  trapped  electrons  in  the  0N0- 
dielectric  cause  an  electric  field 
that  enhances  the  potential  drop 
across  the  oxide  layer  near  the  anode 
[5].  Since  the  electric  fields  across 
both  oxide  layers  are  not  identical, 
the  anode  oxide  is  preferentially 
degraded  during  electrical  stress.  If 
the  breakdown  of  the  whole  triplelayer 
is  initiated  by  the  wearout  of  the 
anode  oxide  the  time  to  breakdown 
should  follow  a  relationship 
log  tfca  -  const’ 1/E 
for  the  field  dependence  of  the  oxide 
breakdown  according  to  the  model  of 
the  I.C.  Chen  et  al  [6].  The 
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experimental  data  for  the  0N0- 
dielectric  agree  well  with  the  model 
confirming  the  assumptions  with 
respect  to  the  degradation  mechanism. 
Furtheron  the  results  of  the  constant 
current  stress  can  be  understood  on 
the  same  basis.  During  current 
injection  in  a  ONO-layer  it  is 
necessary  to  apply  a  higher  electric 
field  than  for  an  equivalent  oxide 
layer.  This  difference  is  due  to  the 
interface  properties  within  the 
triplelayer  dielectric  [5].  Since  the 
highest  potential  drop  is  across  the 
oxide  layer  near  the  anode,  the  ad¬ 
measurements  are  testing  an  oxide 
wearout  at  very  high  electric  fields 
(above  15  MV/ cm)  with  the  consequence 
of  smaller  Qbd-values  compared  to  a 
single  oxide  layer. 

The  Qj^-values  of  a  ONO-layer 
depend  on  the  gate  area  (  Fig.  4).  The 
cumulative  failure  is  Weibull- 
distributed  with  regard  to  the  break¬ 
down  charge.  The  cumulative  failure 
shifts  along  the  vertical  axes  of  the 
Weibull  diagram  according  to 
Lo9  (Aj/A2)  (A:  capacitor  area) . 
Therefore  the  breakdown  phenomena  is 
due  to  a  mechanism  related  to  extrem 
value  statistics. 

5.  CONCLUSION. 

The  ONO-layer  has  reduced  early 
failures  and  a  lifetime,  which  is 
orders  of  magnitude  higher  compared  to 
the  single  oxide  layer  .  The 
cumulative  failure  of  the  ONO-layer 
shows  a  Weibull-type  of  failure 
distribution  with  a  small  deviation 
of  Ofed*  The  field  acceleration 
behaviour  of  the  ONO-layer  agrees  well 
with  the  model  of  I.C.  Chen  et  al.  for 
thin  oxides.  From  constant  current 
stress  experiments  a  comparison  of 


device  lifetimes  e.g.  in  a  DRAM 
application  can  only  be  extracted  in 
the  case  of  similar  electric  fields. 
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The  dielectric-silicon  interface  stress  resistance  of  conventional  furnace  oxides  and 
those  formed  using  rapid  thermal  oxidation  (RTO)  with  and  without  rapid  thermal 
nitridation  (RTN)  are  compared.  The  stress  resistance  is  deduced  from  the  change  in  the 
fast  interface  trap  density  and  flatband  voltage  under  high  field  constant  current  stress 
conditions.  In  the  thinner  dielectrics  (10-13  nm),  the  interfacial  stress  resistance  of 
the  RTN  dielectrics  at  ~9  MV/cm  is  a  factor  of  2  greater  than  in  the  thermal  oxides.  For 
the  thicker  RTN  layers  (34-40  nm)  the  stress  resistance  was  “25%  less  than  the  thermal 
oxides  due  to  the  reduced  interfacial  nitrogen  concentration.  However  in  the  thinner 
dielectrics,  the  higher  nitrogen  concentration  In  the  RTN  layers  leads  to  a  factor  of  “8 
greater  shift  in  flatband  voltage  compared  to  the  thermal  oxides. 


1.  INTRODUCTION 

Considerable  attention  has  been  focussed  on 
alternative  gate  dielectrics  to  silicon  dioxide 
for  submicron  MOS  devices,  particularly  with 
regard  to  their  hot  electron  injection 
resistance.  The  most  promising  of  these 
dielectrics  is  nitrided  thermal  oxide  because 
of  its  compatibility  with  conventional 
processing  and  resistance  to  trap  formation. 
However,  the  high  energy  requirements  to  form 
these  layers  have  precluded  their  general  use. 
This  disadvantage  can  be  minimized  by  using 
rapid  thermal  processing  to  reduce  the  thermal 
budget  yet  maintain  good  dielectric  quality 
[1].  Previous  work  [2]  has  found  that  nitrided 
oxides  produced  by  conventional  furnace 
techniques  exhibit  a  low  trap  generation  rate 
during  stress.  However,  the  behaviour  of  the 
Interface  during  stress  has  not  been  examined 
for  dielectrics  formed  by  rapid  thermal 
processing.  In  this  work,  the  stress 
resistance  of  the  Si-dielectric  Interface  Is 
compared  for  conventional  furnace  oxides,  and 
those  formed  by  rapid  thermal  oxidation  (RTO) 
with  and  without  rapid  thermal  nitridation 
(RTN). 


2.  SAMPLE  PREPARATION  AND  MEASUREMENT 

Conventional  oxides  were  grown  in  dry  oxygen 
in  a  resistance  heated  furnace  and  rapid 
thermal  processing  was  carried  out  in  a 
Heatpulse  410T  machine.  Substrates  used  were 
<I00»  n-type  of  resistivity  0.1-4  Q-cm. 
Dielectric  thicknesses  in  both  cases  were 
restricted  to  10-13  nm  and  34-40  nm. 
Conventional  oxides  were  grown  at  950*C  and  RTO 
samples  at  1100’C.  Nitridation  was  carried  out 
on  RTO  samples  at  temperatures  of  1200*C  for 
60sec  and  120sec  in  an  ammonia  ambient. 
Polycrystalline  silicon  of  0.4  pm  thickness  was 
deposited  at  620'C  and  doped  with  P0C13  at 
950'C  for  20  min  on  all  the  wafers.  Aluminium 
was  deposited  by  magnetron  sputtering  at  200*C 
and  200  pm  diameter  capacitors  were 
photo-engraved  into  the  underlying  layers.  At 
the  metal  sinter  stage  the  ambient  used  was 
forming  gas  (10%  H2  in  N2)  for  30  min  at  435 ‘C. 

The  dielectric  layers  were  stressed  using 
constant  current,  high  field  injection 
techniques.  Stress  conditions  were  selected  to 
Inject  a  constant  charge  (10  mC/cm2)  at  current 
densities  of  200  nA/cm2  to  ImA/cm2  or  a 
constant  current  of  20  pA/pm2  up  to  an  Injected 
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charge  of  lOOmC/cm2. 

hnedlately  after  the  stress  period,  100  kHz 
high  frequency  and  SO  laV/sec  ramp  rate 
quasistatic  capacitance-voltage  curves  were 
obtained  and  analysed  to  give  the  fast 
Interface  trap  density  as  a  function  of  energy 
In  the  band  gap.  An  example  of  the  curves 
obtained  for  the  10-13  ran  thick  samples  Is 
shown  In  Figure  la.  The  calculated  Interface 


ociccTRtcs  (pre  dashed,  post  solid  line) 


trap  density  distribution  Is  shown  in  Figure  lb 


FIGURE- lb.  FAST  INTERFACE  TRAP  INTENSITY  OF  DIELECTRICS  IN  FIGURE  Vl 

and  the  distribution  for  the  thick  oxide 
samples  (34-40  ran)  Is  she  n  In  Figure  lc. 


3.  RESULTS  AND  DISCUSSION 
Prior  to  the  high  field  constant  current 
stress  a  selection  of  capacitors  of  each 
dielectric  type  and  thickness  were  measured 


with  regard  to  fixed  oxide  charge,  fast 
Interface  trap  density  at  midgap,  dielectric 
-silicon  barrier  height  and  breakdown  fields. 
The  fixed  oxide  charge  In  the  60sec  and  120  sec 
RTN  dielectrics  was  In  the  range  2.1 
-3.4  lO^cnr2  compared  to  <5  x  1010cm*2  for  the 
furnace  and  RTO  oxides.  The  fast  interface 
trap  density  at  midgap  for  all  the  dielectrics 
was  low  and  within  the  resolution  limit  for  the 
particular  substrate  doping  level  [3].  From 
the  I-V  measurements  the  barrier  height  in  the 
10-13  nm  thick  RTN  dielectrics  was  calculated 
to  be  0.3eV  less  than  the  thermal  oxides 
(2.9  eV).  However,  for  the  34-40  nm  thick  RTN 
dielectric,  the  barrier  height  was  equivalent 
to  the  thermal  oxide  samples  Indicating  a  low 
concentration  of  nitrogen  at  the  Interface. 
The  breakdown  field  of  all  the  thin  10-13  nm 
dielectrics  was  13  MV/cm  and  this  was  reduced 
by  “15X  to  11  MV/cm  in  the  thicker  samples. 

After  stressing  at  high  field  with  constant 
current,  the  original  C-V  characteristics  are 
distorted  by  the  formation  of  fast  interface 
traps  and  negative  charge  in  the  dielectric. 
Injection  of  charge  to  10  mC/cm2  at  20  nA/cm2 
increases  the  minimum  capacitance  and  the  width 
(at  C/Cox  =  0.9)  of  the  C-V  characteristics  as 
shown  in  Figure  la.  The  positive  shift  in  the 
flatband  voltage  is  greater  in  the  RTN 
dielectrics  than  In  the  thermal  oxides 
indicating  a  higher  density  of  trapping  centres 
within  the  nltrided  dielectric.  This  Is 
discussed  In  more  detail  in  subsequent 
sections.  However  the  degradation  of  the 
dielectric-silicon  Interface  is  least  in  the 
RTN  samples  as  seen  by  the  small  change  In  the 
width  and  minimum  of  the  C-V  curves.  The  RTN 
samples  are  resistant  to  the  formation  of 
discrete  Interface  trapping  centres  at  0.3  eV 
above  midgap  as  can  be  seen  by  the  absence  of 
the  ledge  In  the  C-V  curves  in  weak  depletion. 
Doubling  the  nltrldatlon  time  to  120  sec, 
additionally  removes  the  very  slow  Interface 
traps  which  lead  to  a  non-equilibrium  peak 
response  In  the  C-V  curves  of  the  remaining 
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samples.  Extraction  of  the  fast  Interface  trap 
density,  Djt  using  the  high-low  or  ideal 
capacitance  method  [3]  as  shown  in  Figure  lb 
confirms  the  excellent  stress  resistance  of  the 
thin  nitrlded  samples.  However,  for  the 
thicker  dielectric  samples  (34-40  nm}  the 
120sec  nltridation  is  not  sufficiently  long  to 
provide  a  comparable  stress  resistance  to  the 
thinner  layers  (see  Figure  lc). 

The  above  measurements  were  extended  to 
stress  current  densities  of  1  mA/cm2  and 
200  nA/cm2  for  the  same  Injected  charge  density 
of  10  mC/cm2.  Therefore  the  Interface 

degradation  measured  at  midgap  can  be  obtained 
as  a  function  of  the  oxide  field  and  these 
results  are  plotted  in  Figure  2  for  the 
10-13  nm  layer  (Figure  2a)  and  the  34-40  nm 
dielectrics  (Figure  2b).  A  low  value  of 
injected  charge  was  used  to  prevent  significant 
charging  of  traps  within  the  dielectric  and 
thus  reduce  the  distortion  of  the  electric 
field. 

In  Figure  2a  the  stress  resistance  of  the 

FI6-2i  Interim  degradation  undo-  high  field  stress  for  Tox-10-iam 


120sec  RTN  dielectric  Is  a  factor  of  2  higher 
than  the  60  sec  RTN  equivalent.  In  both  cases 
the  Interface  degradation  exhibits  a 
significantly  smaller  change  with  Increasing 
field  than  the  thermal  oxides  and  the  RTN 
samples  show  superior  stress  resistance  In 
comparison  to  the  thermal  oxides.  At  low 
fields,  the  stress  resistance  of  the  RTO 


FIi.it  Interface  degradation  M*r  lie  fill#  Wren  for  Th-34-Hm 
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samples  is  greater  than  the  furnace  grown 
oxide.  This  Is  also  true  for  thicker  layers  as 
shown  in  Figure  2b.  However,  in  this  case  the 
stress  resistance  of  the  nltrided  layer, 
although  changing  significantly  less  than  the 
thermal  oxides  with  increasing  field,  shows  a 
~25X  increase  in  degradation  at  ~9  MV/cm  in 
comparison  to  the  thermal  oxides.  This  may  be 
due  to  either  a  difference  In  Interfacial 
stress  or  hole  barrier  height  due  to  the 
smaller  nitrogen  concentration  (~4%)  at  the 
dielectric-silicon  Interface  compared  to  the 
thinner  nitrided  samples  (“8%)  as  measured  by 
Auger  emission  spectroscopy. 

For  the  thin  dielectric  layers,  the  Interface 
degradation  and  the  flatband  voltage  change  as 
a  function  of  Injected  charge  at  a  fixed 
current  density  were  also  measured.  These 
results  are  displayed  in  Figures  3  and  4.  In 
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confirmation  of  the  results  for  constant 
Injected  charge,  the  minimum  Interface 
degradation  Is  obtained  for  the  120  sec  RTN 
dielectric.  Additionally,  the  rate  of  change 
of  the  Interface  degradation  Is  significantly 
less  In  the  RTN  dielectrics.  Therefore,  In 
MOSFETs  the  gain  and  subthreshold  slope 
degradation  of  the  turn  on  characteristics  Is 
expected  to  be  minimised  If  RTN  gate 
dielectrics  replace  thermal  oxides. 

The  change  In  the  flatband  voltage,  Vft>,  with 
Injected  charge  Is  related  to  the  density  of 
neutral  traps  In  the  dielectric  and  a  positive 
shift  In  the  Vfb  as  shown  In  Figure  4  Indicates 
negative  charge  storage.  These  curves  give  a 
relative  measure  of  the  expected  change  In  the 
threshold  voltage  of  a  MOSFET  under  stress. 
Therefore,  as  can  be  seen  from  Figure  4,  the 
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RTN  dielectrics  contain  a  higher  density  of 
neutral  traps  than  the  thermal  oxides.  This 
results  In  flatband  voltage  shifts  which  are  a 
factor  of  “8  greater  than  In  the  thermal 
oxides.  Consequently,  MOSFETs  fabricated  with 
RTN  dielectrics,  although  gaining  resistance  to 
subthreshold  slope  and  gain  degradation,  are 
expected  to  be  less  resistant  to  threshold 
voltage  shift  than  equivalent  thermal  oxides. 
These  results  are  In  agreement  with  previous 


work  [5]  where  low  pressure  nltrldation  of 
oxide  films  was  studied.  It  was  found  that 
appropriate  re-oxidation  of  the  nltrlded  oxide 
removed  electron  traps,  thus  reducing  the  Vt 
shift  degradation,  yet  maintained  the  Interface 
Integrity  under  stress.  Similar  techniques, 
applied  to  nltrlded  RTO  films,  would  also  be 
expected  to  achieve  comparable  results. 

3.  CONCLUSIONS 

The  dielectric-silicon  Interface  stress 
resistance  of  conventional  furnace  oxides  and 
those  formed  using  rapid  thermal  oxidation  with 
and  without  rapid  thermal  nltrldation  has  been 
compared.  In  the  thinner  dielectrics  of 
thickness  10-13  nm  the  Interfacial  stress 
resistance  of  the  RTN  dielectrics  Is  a  factor 
of  2  greater  than  the  thermal  oxides  at 
“9  MV/cm.  However,  the  flatband  voltage  change 
of  the  RTN  dielectrics  was  found  to  be  a  factor 
of  “8  greater  than  in  the  thermally  oxidised 
samples. 
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ELECTRICAL  CHARACTERISTICS  AND  RELIABILITY  OF  THIN  OXIDE-NITRIDE-OXIDE  STACKED  FILMS 


L.  Do  Thanh  and  F.  Balk 

Institute  of  Semiconductor  Electronics 
Aachen  Technical  University,  D-5100  Aachen,  FRG 


Electronic  conduction,  charge  trapping  and  dielectric  breakdown  have  been  studied 
on  thin  stacked  layers  of  Si02 -Si3N4-Si02  with  A1  or  poly-Si  gate  on  Si.  These 
structures  appear  to  combine  the  attractive  properties  of  Si02  and  Si3NA  single 
layers  as  long  as  they  are  operated  at  fields  below  5  MVcm’1.  ' 


1.  INTRODUCTION 

Storage  capacitors  for  dynamic  RAMs  of  4 
Mbit  and  beyond  require  very  thin  Insulator 
films  to  obtain  sufficiently  large  capacitance 
at  small  cell  size  /l/.  The  use  of  single  Si02 
or  S films  would  lead  to  measurable  conduc¬ 
tion  at  the  thicknesses  and  fields  needed  for 
this  application  /l, 2/.  Stacked  Si02-Si3N4-SiQ2 
triple  layers  appear  to  be  a  promising  alterna¬ 
tive  /3/  since  they  would  combine  the  advan¬ 
tages  of  Si3N4  layers  (large  breakdown  field 
strength,  excellent  wear-out  behavior  /<*/)  with 
those  of  Si02  layers  (high  barriers  for  carrier 
injection  and  low  trap  density  at  Si-SiOj 
interface) .  Results  on  the  properties  of  such 
stacks  are  the  topic  of  the  present  contribu¬ 
tion. 

2 .  EXPERIMENTAL 

MIS  capacitors  were  prepared  on  p-  and  n- 
type  0.1  cm  (100)  Si  wafers.  First  a  thin  (6 
to  9  nm)  Si02  layer  was  thermally  grown  (02, 
900°C)  or  deposited  (N20-SiH4,  250°C,  PE-CVD). 
A  Si3N4  film  was  deposited  next  (10  to  11  nm, 
SiH2Cl2-NH3,  825°C,  LP-CVD).  The  top  oxide 
layer  (7  nm)  was  obtained  by  thermal  oxidation 
(wet  02,  900°C)  or  deposition  (PE-CVD).  Gate 
electrodes  were  A1  or  P-doped  poly-Si.  Finally, 
all  samples  were  annealed  at  400°C  in  N2  for  20 
min. 


3.  RESULTS  AND  DISCUSSION 

Contrary  to  high  frequency  CV  curves  of  MIS 
capacitors  with  single  Si3N^  films  those  of 
structures  with  stacked  dielectrics  do  not  show 
hysteresis.  This  indicates  that  low  field 
charge  injection  does  not  occur.  The  fixed 
charge  is  negligible  (<  2xl01^cm“^)  and  the 
interface  trap  density  in  the  low  10^°cm'ZeV"1 
region.  For  all  samples  and  both  polarities 
fields  >  5  MVcm'^  are  necessary  to  reach  an 

O  f\ 

injection  current  level  >  10'QAcm  .  At  a  given 
field  the  current  is  several  orders  of  magni¬ 
tude  lower  than  in  single  Si3N^  films.  Like  for 
SiC^-S^N^  double  layers  with  oxide  films  over 
5  nm  thick  /5/  the  dominant  carriers  are  proba¬ 
bly  electrons.  In  this  study  the  fields  were 
calculated  by  subtracting  the  flatband  voltage 
from  the  gate  voltage  and  dividing  the  result 
by  the  equivalent  Si02  thickness,  i.e.  the  SiC>2 
thickness  which  yields  the  same  capacitance  as 
the  stack.  The  current  at  positive  gate  voltage 
is  always  the  larger  one;  it  increases  more 
strongly  with  field  than  the  current  at  nega¬ 
tive  gate.  This  suggests  stronger  electron 
trapping  in  the  latter  case.  It  may  be  expected 
that  the  potential  well  nature  of  the  triple 
layer  structure  plays  an  important  role  in  the 
trapping. 
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Breakdown  field  strengths  foe  (tacked  insu¬ 
lator  structures  with  A1  gats  aessurad  by 
stressing  the  samples  in  accumulation  using  a 
fast  ramp  are  shown  in  fig.  1.  The  mean 
destructive  breakdown  field  is  >  10  MVca'^. 
Samples  two  PE-CVD  S102  layers  yield  a  dis¬ 
tinctly  broader  distributions  than  those  with 
one  or  both  Si02  films  prepared  by  thermal 
oxidation.  Tight  distributions  with  soaswhat 
lower  mean  breakdown  fields  were  obtained  with 
poly-Sl  gate  samples  using  thermal  oxides  (fig. 
2). 
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FIGURE  1 

Breakdown  histograms  of  A1  gate  structures  with 
stacked  Insulators  and  p-Sl  substrate  (Vg  nega¬ 
tive);  aasples: 

a)  Al- therm.  SIO2  (6.3  nm)  -  SI3H4  (7.4 
na)  -  therm.  SIO2  (6.0  na)  -  p-Sl 

b)  Al-PECVD  S102  (6.9  na)  -  S13N4  (10  na)  • 
PECVD  SIO2  (6.7  na)  -  p-Sl. 


FIGURE  2 

Breakdown  histograms  of  poly-Si  gate  structures 
with  stacked  insulators  on  p-Sl  substrate  (Vg 
negative);  sample:  poly-Si  gate  -  therm.  SiOj 
(6.3  na)  -  SI3N4  (6.3  na)  -  therm.  Si02  (8  nm) 
-  p-  Si. 

Wear-out  properties  of  HIS  systems  with 
stacked  insulators  were  studied  by  stressing  at 
constant  current.  Charge  trapping  during  this 
process  was  monitored  by  measuring  the  shifts 
of  the  gate  voltage  and  the  flatband  voltage. 
The  data  in  fig.  3  show  that  for  both  polari¬ 
ties  the  gate  voltage  must  be  Increased  to  keep 
the  current  constant,  which  indicates  the  cap¬ 
ture  of  negative  charge.  However,  the  change  in 
gate  voltage  at  negative  gate  is  larger  than  at 
positive  gate.  Similar  results  are  obtained  for 
the  flatband  voltage .  These  results  appear  to 
indicate  again  that  more  negative  charge  is 
captured  at  negative  than  at  positive  gate 
polarity.  The  centroid  of  charge  must  be  lo¬ 
cated  closer  to  the  substrate  than  to  the  gate 
because  the  flatband  voltage  shift  exceeds  that 
of  the  gate  voltage. 

For  larger  Injected  charge  densities  at 
negative  gate  polarity  the  flatband  voltage 
shift  turns  around,  indicating  the  build-up  of 
positive  charge.  This  effect  has  also  been 
reported  by  other  authors  /6/.  At  these  condi¬ 
tions  the  density  of  interface  traps  was 
observed  to  increase.  A  larger  increase  in  the 
interface  trap  density  was  found  at  positive 
gate  polarity,  even  though  the  turn  around 
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Shift  of  flatband  (AVpg)  and  gate  voltage 
(AVg)  during  constant  current  stressing  of 
poly-Si  gate  structures  with  a)  negative  (J  - 
10‘5A/cmz)  and  b)  positive  (J  -  10"4A/cm2)  gate 
polarity;  samples:  poly-Si  -  therm.  SiOj  (6.3 
nm)  -  S^N*,  (6.3  nm)  -  therm.  SiOj  (8  nm)  -  p- 
Si  (a)  or  n-Si  (b)  .  Note  that  in  (a)JV.  is 
negative .  8 

effect  was  not  observed.  It  is  likely  that  the 
turn  around  at  negative  gate  is  caused  by 
secondary  injection  of  holes  from  the  Si  sub¬ 
strate  due  to  field  enhancement  by  electrons 
trapped  in  the  nitride. 

We  have  shown  in  a  previous  study  /4/  that 
the  density  of  injected  charge  (QBD)  leading  to 

breakdown  of  LP-CVD  SijN^  films  (approx.  104C 
_  o 

cm  )  is  larger  by  several  orders  of  magnitude 

than  that  for  thermal  SIO2  films  (approx.  10  C 
_  o 

cm  “■)  .  For  stacked  dielectrics  QBD  only  attains 
a  value  of  approx.  1  C  cm'2  in  some  cases,  but 
is  often  considerably  less,  tfear-out  data  on 
poly-Si  gate  samples  with  stacked  Insulators 
(fig.  4)  show  that  QBjj  is  systematically  larger 
for  positive  than  for  negative  gate  voltage.  We 
suggest  that  the  low  QBD  values  in  the  latter 
case  may  be  related  to  the  above  mentioned 


Density  of  injected  charge  to  breakdown  vs. 
density  of  injected  current;  samples: 

(o,  e):  poly-Si  -  therm.  SU>2  (6.3  nm)  -  Si3N4 
(6.3  nm)  -  therm.  Si02  (8  nm)  -  n-Si 
(4,  A):  poly-Si  -  therm.  S102  (2.9  nm)  -  S^N*, 
(8.2  nm)  -  therm.  S102  (8  nm)  -  n-Si 
(b,s);  poly-Si  -  therm.  S102  (6.3  nm)  -  Si3N4 
(6.3  nm)  -  therm.  S102  (8  nm)  -  p-Si 
Open  symbols:  Vg  positive;  filled  symbols:  Vg 
negative 

secondary  injection  of  holes.  At  high  currents 
(high  fields)  the  value  of  QBD  decreases.  The 
larger  fields  required  to  obtain  a  given  cur¬ 
rent  density,  as  discussed  earlier,  are  not 
sufficient  to  explain  the  small  QBD  at  negative 
gate  since  even  at  the  same  magnitude  of  elec¬ 
tric  field  Qbd  is  still  considerably  smaller 
for  this  polarity. 

For  A1  gate  samples  similar  trends  were 

observed.  Again,  the  highest  QBD  values  were 
_  2 

approx.  1  C  cm  ,  but  those  for  negative  gate 
bias  were  one  order  of  magnitude  lower  than  in 
the  poly-Si  gate  case.  The  dependence  on  the 
current  level  is  less  than  for  poly-Si  gates. 
The  use  of  two  PE-CVD  Si02  films  reduces  QBD 
also  for  positive  stress  voltage  to  below  10'1 

_  o 

C  cm  .  It  is  interesting  to  note  that  the  use 
of  a  very  thin  top  electrode  does  not  affect 
Qg£,  as  shown  for  poly-Si  gate  samples  in  fl*. 
4.  Injection  of  holes  from  the  gate  at  positive 
gate  polarity  should  be  possible  in  this  case 
/5/.  However,  these  carriers  would  not  be  able 
to  leave  the  potential  well  and  reach  the  Si¬ 
sley  interface. 
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4.  CONCLUSIONS 

Stacked  StOj-Sl jN^-St02  insulators  exhibit  a 
number  of  attractive  properties  for  application 
in  storage  capacitors.  They  are  leas  conductive 
than  Si^N^  f Has  and  show  a  lower  Interface 
trap  density.  Stacked  filas  have  a  higher  di¬ 
electric  constant  than  SlOj  but  a  coaparably 
high  breakdown  field.  However,  care  should  be 
taken  to  operate  these  capacitors  below  S  HVcn' 
1  in  order  to  avoid  charging  problems  caused  by 
the  potential  well  nature  of  these  structures. 
The  aaount  of  Injected  charge  leading  to  break¬ 
down  is  smaller  than  that  for  single  SiOj  or 
SijN^  layers. 
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TRAPPING  PROPERTIES  OF  VERY  THIN  NITRIDE/ OXIDE  GATE  INSULATORS 


J.Y-C  Sun,  M  .Arienzo,  LJ>orit,  and  K.Stein 

IBM  Thomas  J.Watson  Research  Center, 

P.OJ«x  218,  Yorktown  Heights,  N.Y.  10598,  USA 

The  trapping  properties  of  very  thin  nitride/oxide  (10-14nm  equivalent  Si02)  compos¬ 
ite  gate  insulators  and  their  dependences  on  gate  materials  and  process  conditions  are  re¬ 
ported.  Electron  trapping  and  flatband  voltage  turn-around  effects  are  more  pronounced 
in  these  films  than  in  thermal  Si02.  They  both  appear  to  be  dominated  by  water-related 
species  in  the  bottom  oxide  layer  when  the  top  nitride  layer  is  thin,  similar  to  the  case  of 
thermal  Si02  only.  For  VLSI  CMOS  applications,  trapping  and  instabilities  in  the 
nitride/oxide  gate  insulator  can  be  minimized  by  (i)  reducing  the  thickness  of  the  top 
nitride  layer,  (ii)  using  polysilicon  gates  with  proper  work  functions,  and  (iii)  using  ap¬ 
propriate  high-temperature  dehydration  steps  after  polysilicon  gate  deposition. 


1.  INTRODUCTION 

High  integrity  nitride/oxide  composite  gate 
dielectric  structures  have  received  high  technological 
interest  as  potential  substitutes  for  Si02  in 
VLSI-IGFETs  and  memory  devices  such  as  DRAMs 
and  non-volatile  memories  [1-3].  Such  multilayered 
gate  dielectric  structures  with  a  thin  nitride  film  « 
5  run)  on  top  of  8-10  nm  of  Si02  offer  enhanced  dif¬ 
fusion  resistance,  higher  process  tolerance,  tight 
spread  on  breakdown  field  as  well  as  breakdown 
charge  density  distributions,  and  lower  drain-hot 
carrier  induced  VT  shifts  [2,3].  Moreover,  the  good 
interfacial  properties  of  silicon  dioxide  on  silicon  are 
preserved. 

However,  charge  trapping  in  the  top  nitride  layer 
has  been  one  of  the  major  road  blocks  to  the  success 
of  such  gate  insulators  [2].  The  goal  of  this  work  is 
to  study  the  trapping  properties  of  such  thin  gate 
insulators.  New  insights  into  the  gate  material  and 
processing  dependences  of  charge  trapping  in  thin 
nitride/oxide  composite  gate  insulators  are  obtained, 
which  is  crucial  to  the  successful  application  of  such 
insulators  in  VLSI  CMOS. 


2.  EXPERIMENTAL 

The  nitride/oxide  (NO)  composite  gate  insulator 
consists  of  a  thin  (4-7  nm)  LPCVD  nitride  layer  on 
top  of  a  thermally  grown  thin  oxide  (8-9  nm)  on  a 
<100>  Si  substrate.  The  LPCVD  nitride  was  depos¬ 
ited  immediately  after  the  oxidation.  The  nitride  de¬ 
position  rate  was  reduced  by  increasing  the  ratio  of 
ammonia  to  dichlorosilane  to  provide  good  thickness 
control. 

N  and  P  channel  IGFETs  with  either  thermal  oxide 
(OX)  or  the  composite  insulator  (NO)  were  fabri¬ 
cated  without  threshold-adjust  ion  implantation.  The 
background  (substrate)  doping  is  8  x  1015  cm°  for  the 
n-channel  IGFET  and  8xl016  cm'3  for  the  p-channel 
IGFET,  respectively.  The  polysilicon  gate  was  de¬ 
generately  doped  to  n-type  for  n-channel  FETs  and 
p-type  for  p-channel  FETs  respectively,  by  the 
source/drain  ion  implantation  and  drive-in  [4]. 

Nitride  thickness  was  evaluated  by  ellipsometry, 
using  a  double-absorbing-layer  program.  The  meas¬ 
ured  refractive  index  was  1.9,  which  indicates  the 
non-stoichiometry  of  this  very  thin  nitride  film.  To 
characterize  the  trapping  properties  of  the  NO  struc¬ 
ture,  two  low-field  charge  injection  techniques  have 
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been  used:  a)  avalanche  electron  injection  performed 
on  MOS  capacitors,  with  the  substrate  implanted 
with  boron,  as  reported  in  [5]  to  obtain  a  uniform  in¬ 
jection.  In  this  case  the  polysilicon  gate  was  either 
As  in  situ  doped  with  no  heat  treatment  after 
polysilicon  deposition,  or  As  ion-implanted  and  fol¬ 
lowed  by  a  rapid  thermal  anneal  at  1000°C  for  6  sec; 
and  b)  refined  substrate  hot  electron  (hole)  injection 
technique  on  IGFETs  devices  [6]. 

3.  RESULTS 

Fig.  1  reports  Vra  shift  as  a  function  of  injection 
time  for  4  nm  nitride  on  top  of  8  nm  Si02,  and,  as  a 
reference,  for  10  nm  Si02  alone.  The  trapping  prop¬ 
erties  of  the  composite  insulator  are  significantly  dif¬ 
ferent  from  those  of  Si02  only.  In  fact,  the  10  nm 
oxide  exhibits  a  small  VFB  shift  with  a  saturation 
value  (=s  0.35  V),  in  agreement  with  the  (*  depend¬ 
ence  of  the  VFB  shift  as  reported  by  Young  et  al.  [7j 
for  dry  oxides  down  to  20  nm.  On  the  contrary,  the 
NO  structure  has  a  higher  trapping  efficiency.  Fur¬ 
ther,  VFB  shift  as  a  function  of  injection  time  shows 
a  quick  turn-around  a  few  seconds  after  the  injection 
is  started. 

The  amount  of  electron  trapping  and  VFB  turn¬ 
around  in  NO  films  depends  strongly  on  gate 
electrode  materials  as  well  as  processing  conditions 
after  the  NO  gate  insulator  is  grown.  Such  depend¬ 
ences  are  shown  in  Fig.  2,  where  three  different  cases 
are  compared:  (1)  aluminum  gate,  (2)  arsenic  in  situ 
doped  n+  polysilicon  gate  without  any  subsequent 
high  temperature  processing,  and  (3)  arsenic  ion- 
implanted  polysilicon  gate  with  subsequent  rapid 
thermal  anneal  (RTA)  at  1000°C  for  6  seconds  in  dry 
nitrogen.  Among  these  three,  case  1  (Al-gate)  has  the 
most  electron  trapping  and  VFB  turn-around  effect, 
while  case  3  (1000°C  RTA)  has  the  least. 

To  eliminate  the  turn-around  effect  (see  Fig.  1  and 
2)  and  to  study  the  electron  traps  alone,  the  substrate 
temperature  during  injection  should  be  increased  over 
323°K.  The  results  are  summarized  in  Fig.  3,  where 
Vpg  shifts  as  a  function  of  injection  time  at  different 
temperatures  are  reported.  From  this  plot,  informa¬ 
tion  about  the  centers  responsible  for  the  trapping  of 


the  positive  charge  can  be  obtained  by  subtracting  the 
curve  corresponding  to  the  injection  at  293°K  from 
that  at  373°K.  In  agreement  with  [8],  a  very  small 
positive  charge  trap  is  found.  Its  cross  section  (lO-18 
cm2)  is  comparable  to  that  of  the  anomalous  positive 
charge  (APC)  trapping  in  Si02  [9].  The  density  of 
this  small  trap  is  high,  roughly  1012  cm  2,  in  NO 
structures  with  RTA  poly  silicon  gate  electrodes  (case 
3). 

In  contrast,  no  turn-around  phenomenon  was  ob¬ 
served  on  NO  structures  with  a  4  nm  top  nitride  layer 
during  substrate  hot  electron  (SHE)  injection  in 
IGFET  devices  as  shown  in  Fig.  4,  where  VT  shift  is 
reported  as  a  function  of  injected  charge.  It  is  clear 
that  electron  trapping  increases  with  the  thickness  of 
the  top  nitride  layer.  Further,  in  Fig.  4,  the  VT  shift 
in  the  case  of  a  MOSFET  with  a  polysilicon  gate 
electrode  and  10  nm  of  Si02  is  very  small  and  much 
less  than  that  of  the  MOS  capacitor  with  an  alumi¬ 
num  gate  electrode.  As  far  as  hole  trapping  is  con¬ 
cerned,  under  substrate  hot  hole  (SHH)  injection  the 
NO  structure  exhibits  a  lower  Vx  shift  than  the  10  nm 
oxide. 

4.  DISCUSSIONS 

As  seen  in  Fig.l,  there  is  much  more  pronounced 
electron  trapping  and  VFB  turn-around  in  the  NO 
composite  insulator  than  in  thermal  Si02.  Undoubt¬ 
edly,  higher  electron  trapping  efficiency  is  the  char¬ 
acteristic  of  LPCVD  nitride  films  which  tend  to  be 
not  as  dense  as  thermally  grown  films. 

On  the  other  hand,  it  is  well  known  that  electron 
trapping  in  thermal  Si02  is  enhanced  by  the  presence 
of  water-related  species  [10].  The  electron  capture 
cross  sections  of  water-related  traps  are  typically  in 
the  range  of  1047  to  10-18  cm2  [10].  Analyses  of  the 
150°C  injection  data  in  Fig.  3  show  that  the  capture 
cross  section  of  the  dominant  electron  trap  in  these 
very  thin  NO  films  is  roughly  1047  cm2,  in  agreement 
with  that  of  the  water-related  traps  in  the  thermal 
Si02.  Since  hydrogen  and/or  water  is  naturally  pres¬ 
ent  in  the  LPCVD  nitride  process  ambient,  the  in¬ 
corporation  of  water-related  species  or  hydrogen  in 
the  underlying  Si02  film  during  the  initial  period  of 
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thin  nitride  deposition  is  very  likely.  We  therefore 
believe  that  the  increased  number  of  water-related 
traps  in  the  bottom  oxide  layer  due  to  nitride  deposi¬ 
tion  is  another  major  contributing  factor  to  the  en¬ 
hanced  electron  trapping  in  the  composite  NO 
insulator.  The  reduction  of  electron  trapping  with 
polysilicon  gate  electrodes  and  subsequent  high  tem¬ 
perature  anneals  in  a  dry  inert  ambient  (Fig.  2.)  is 
consistent  with  the  dehydration  of  the  bottom  ther¬ 
mal  oxide.  Besides,  the  high  temperature  anneal  can 
also  density  the  nitride  and  thus  reduce  the  electron 
trapping  in  the  top  nitride  layer. 

There  are  two  factors  contributing  to  the  Vra 
turn-around  effect  in  the  nitride/oxide  composite 
insulator.  The  first  one  is  hole  injection  from  the  gate 
electrode  into  the  nitride  layer  via  trap-assisted 
tunneling  [3],  followed  by  subsequent  trapping  of  in¬ 
jected  holes  in  the  nitride.  This  effect  has  been 
known  as  the  threshold  voltage  instability  under  dc 
gate  bias  [3,4].  However,  the  magnitude  of  the  nega¬ 
tive  V FB  shift  under  dc  gate  bias  [3]  is  not  sufficient 
to  account  for  the  large  Vn  turn-around  effect  ob¬ 
served  during  avalanche  electron  injection.  The  sec¬ 
ond  and  perhaps  the  dominant  factor  in  Vn 
turn-around  is  the  same  anomalous  positive  charge 
generation  that  was  observed  in  thermal  oxide  alone 
[7,8].  In  fact,  the  dependences  of  electron  trapping 
and  VFB  turn-around  effects  in  the  NO  film  on  gate 
materials  and  processing  conditions  (Fig.  1  and  2) 
follow  exactly  the  same  trend  as  those  of  thermal 
Si02  [11].  The  elimination  of  the  turn-around  effect 
during  injection  at  elevated  temperatures  (150°C, 
Fig.  3)  is  also  identical  to  that  of  thermal  Si02  [7,8]. 
These  similarities  strongly  suggest  that  the  Vn  turn¬ 
around  effect  in  the  NO  film  during  avalanche 
electron  injection  is  most  likely  dominated  by  the 
anomalous  positive  charge  generation  in  the  bottom 
oxide  layer.  Although  there  are  many  models  pro¬ 
posed  to  explain  the  origin  of  the  anomalous  positive 
charge,  for  example,  a  notable  one  is  donorlike  sur¬ 
face  states  [11],  there  is  little  doubt  that  it  is  en¬ 
hanced  by  water  or  hydrogen  incorporation  in  the 
oxide  [7,11] 


It  is  clear  from  Fig.  2  and  4  that  electron  trapping 
as  well  as  the  Vn  turn-around  effect  in  such  NO 
composite  insulators  can  be  minimized  by  reducing 
the  thickness  of  the  top  nitride  layer  and  by  using 
polysilicon  gates  with  subsequent  high  temperature 
anneals  in  a  dry  inert  ambient.  In  this  respect,  thin 
top  nitride  layer  not  only  reduces  the  trapping  in  itself 
but  also  allows  the  dehydration  process  of  the  bottom 
oxide  layer  to  proceed  during  polysilicon  deposition 
and  subsequent  high  temperature  anneals. 

As  far  as  hole  trapping  is  concerned,  net  hole  trap¬ 
ping  or  negative  VT  shift  during  substrate  hot-hole 
injection  appears  to  be  less  in  the  NO  film  than  in 
thermal  Si02  as  Fig.  4  indicated.  This  could  be  due 
to  the  injection  and  trapping  of  electrons  from  the 
gate  electrode  in  the  top  nitride  layer  and  the  recom¬ 
bination  of  trapped  holes  with  injected  electrons. 

5.  CONCLUSION 

The  trapping  properties  of  very  thin  nitride/oxide 
composite  gate  insulators  have  been  established  by 
two  low-field  charge  injection  techniques:  avalanche 
electron  injection  (for  the  first  time),  and  refined 
substrate  hot-electron  (hole)  injection.  Electron 
trapping  and  flatband  voltage  turn-around  effects  are 
more  pronounced  in  these  NO  films  than  in  thermal 
Si02.  Electron  trapping  in  the  nitride  dominates  the 
flatband  or  threshold  voltage  shift  when  the  top 
nitride  layer  is  thick  (>7  nm).  In  contrast,  water- 
related  traps  in  the  bottom  oxide  become  more  im¬ 
portant  when  the  top  nitride  layer  is  thin  (4  nm). 
However,  trapping  and  instabilities  in  these  NO  gate 
insulators  can  be  minimized  for  VLSI-CMOS  appli¬ 
cations  by  (i)  reducing  the  thickness  of  the  top  nitride 
layer,  (ii)  using  polysilicon  gates  with  proper  work 
functions,  and  (iii)  using  appropriate  high  temper¬ 
ature  anneals  after  polysilicon  gate  deposition. 

ACKNOWLEDGMENTS 

We  thank  D.  Zicherman,  M.  Rodriguez,  J.  Calise, 
and  T.  Nguyen  for  testing  support,  and  the  IBM 
Yorktown  Silicon  Facility  for  processing  support. 


843 


T 


REFERENCES 

[1]  J  J.  Chang,  Proc.  of  IEEE,  p.  1039  (1979) 

[2]  KJC.  Young  etal.  ,  VLSI  Tech.  Symp.,  p.  65 

(1986) 

[3]  J.  Y.-C.  Sun,  etal.  ,  Proc.  Int.  Symp.  on  VLSI 

Tech.  Sys.  and  Appl.,  p.  106  (1987) 

[4]  J.  Y.-C.  Sun  etal.  ,  IEDM  Tech.  Dig.,  p.  236 

(1986) 

[5]  L.  Dori,  el  ah  ,  J.  Appl.  Phys.,  v.  61, 1910  (1987) 

[6]  T.H.  Ning,  et  al.  ,  J.  Appl.  Phys.,  v.  49,  p.  5997 

(1978) 


Fig.  1.  VpB  shift  as  a  function  of  injection  time  at  room 
temperature  for  the  10  nm  Si02  (OX)  and  4  nm  nitride  + 
8  nm  oxide  (NO).  Current  density  =  1.93xl0“5  A/cm2. 
Gate  material  =  Al. 


[7]  D.R.  Young,  etal. ,  J.  Appl.  Phys.,  v.  50,  p.  6366 

(1979) 

[8]  B.H.  Yun,  Appl.  Phys.  Lett.,  27, 256,  (1975) 
t9]  M.V.  Fischetti,  J.  Appl.  Phys.,  57, 2860  (1985) 
110]  D.  DiMaria,  in:  Physics  of  Si02  and  its  Inter¬ 
faces,  (ed.  by  S.T.  Pantelides,  Pergamon  Press), 
p.  160,  (1978). 

[11]  C.T.  Sah,  etal.  ,  J.  Appl.  Phys.,  v.  55,  p.  1525 
(1984) 


Fig.  3.  VFB  shift  as  a  function  of  injection  time  at  different 
temperatures  for  the  4  nm  nitride  +  8  nm  oxide  (NO) 
composite  insulator  with  As  ion-implanted  n+-poly  gate 
annealed  (RTA)  at  1000C  for  6  sec.  Current  density  = 
1.93X10-5  A/cm2 


Fig.  2.  VFB  shift  as  a  function  of  injection  time  at  room 
temperature  for  the  4  nm  nitride  +  8  nm  oxide  (NO) 
composite  insulator  with  different  gate  materials  and  sub¬ 
sequent  anneals.  Curve  1:  Al  gate;  Curve  2;  As  in  situ 
doped  n+-poiy  gate  without  anneals;  Curve  3:  As  ion- 
implanted  n+-po!y  gate  annealed  (RTA)  at  1000C  for  6 
sec.  Current  density  -  1.93xl0-5  A/cm2. 
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Fig.  4.  VT  shifts  due  to  electron  and  hole  traps  in  FETs 
with  various  insulators  measured  by  a  substrate  hot 
electron  (hole)  injection  method:  NOl  =  7  nm  nitride  + 
8  nm  oxide;  N02  =  4nm  nitride  +  8  nm  oxide;  OX  =  10 
nm.  Si02.  The  polysilicon  gate  electrode  was  annealed  at 
high  temperature  (>  900C)  Subscript  e  =  electron  in¬ 
jection;  subscript  h  =  hole  injection. 
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Electron  avalanche  injection  has  been  used  to  study  charge  trapping  in  thin  (10-30 
on)  ammonia-annealed  silicon  dioxide  films  as  a  flection  of  proceaa  conditions.  While 
electron  traps  (with  a  cross  section  of  —  10”  cm2)  increase  with  nltxidatlon 
temperature  and  time,  the  generation  of  Interfacial  positive  charge  ("turn-around  ef¬ 
fect")  is  greatly  reduced  or  totally  eliminated  under  severe  nltrldation  conditions. 


1.  INTRODUCTION 

Ammonia-annealed  (nitrided)  silicon  dioxide 
films  have  been  recently  investigated  as  an 
alternative  to  thermal  Si02  for  thin  gate 
Insulators  and  for  tunnel  dielectrics  / 1 / .  The 
replacement  of  oxygen  by  nitrogen  atoms  brings 
about  many  modifications  of  the  electrical 
properties  of  the  films,  which  are  closely 
related  to  the  spatial  distribution  of  the 
nitrogen.  This,  in  turn,  depends  on  the 
nltrldation  conditions  /1,2/,  postnltridatlon 
treatments  and  initial  oxide  thickness.  It  has 
been  reported  that  the  nltrldation  Improves 
several  characteristics  of  the  insulator 
/3,4/.  However,  the  electron  trapping  in 
nitrided  films  increases  as  compared  with 
conventional  oxides  /5,6/.  On  the  ocher  hand, 
there  is  disagreement  concerning  the  characte¬ 
ristics  and  the  origin  of  these  traps.  Capture 
cross  section  of  both  1x10  17  /5 /  and  lxlO-^ 
cm  /6/  have  been  reported  from  avalanche 
injection  experiments.  In  / 5/  the  traps  were 
ascribed  to  an  Increase  of  the  OH  content  in 
the  nitrided  films.  Moreover,  a  detailed  study 
of  the  generation  of  interfacial  positive 
charge  during  electron  avalanche  injection 
("turn-around  effect"  IV)  in  nitrided  oxides 
la  still  lacking.  In  this  work  we  present  a 
trapping  characterization  of  thin  (10-30  nm) 
nitrided  SiO^  films  upon  electron  avalanche 
injection  as  a  function  of  process  conditions. 


2.  EXPERIMENTAL 

A1  gate  MIS  capacitors  were  fabricated  on 

p-type  <100>  silicon  wafers  of  (l-2)xl017  cn“^ 

doping.  For  10  nm  films,  boron  implanted 

substrates  were  used  to  obtain  the  optimum 

17  -3 

surface  impurity  concentration  (*■' 5x10  cm  ) 

for  uniform  injection  / 8/.  The  B+  ion  implan- 

12  -2 

tatlon  conditions  used  were  6x10  cm  at  20 
keV  +  1.5xl013  cm  2  at  70  keV.  Oxidation  was 
performed  in  a  standard  furnace  at  900*C  in 
dry  02>  Si02  layers  of  10-30  nm  were  grown  and 
ln-sltu  annealed  at  tha  same  temperature  in  N2 
for  10  min.  The  oxide  thickness  was  measured 
by  ellipsometry.  Nltrldation  was  carried  out 
at  temperatures  between  800-1 100*C  in  ultra- 
pure  ammonia  gas  at  atmospheric  pressure  in  a 
cold  wall  RF-heated  reactor.  Soma  samples 
received  a  postnltridatlon  annealing  in  N2  at 
1000'C  or  in  02  at  950*C  for  15  min  to  obtain 
0N0  films.  Al-gats  capacitors  were  formed  by 
e-gun  evaporation  through  shadow  mask  with  0.6 
mm  dots.  After  back-oxide  stripping,  A1  was 
deposited  for  substrate  contact.  Finally,  the 
samples  received  a  post-metallization  anneal 
in  N2  at  450*C  for  20  min. 

Electrons  wars  injsctsd  from  the  substrate 
into  the  dielectric  using  the  avalanche  tech¬ 
nique  /9/.  The  surface  was  driven  into  deep 
depletion  by  applying  a  30  kHz  sawtooth  volt¬ 
age.  A  feedback  circuit  keeps  the  average 
injected  currant  at  a  constant  value  (10~7  A). 
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The  oxide  charge  buildup  was  monitored  by 
periodically  Interrupting  the  Injection  and 
performing  a  fast  C-V  measurement.  From  the 
shift  of  the  flatband  voltage  with  time, 
the  electrical  trap  parameters  were  determined 
by  computer  analysis  of  the  data  by  assuming 
that  electron  trapping  is  a  first-order 
process  and  that  no  detrapping  takes  place. 

3.  RESULTS  AND  DISCUSSION 

The  effect  of  the  nitrldation  conditions  on 
the  charge  trapping  Is  shown  in  Figs . 1  and  2 
for  30  nm  SiO^  films.  The  flatband  voltage 
shift  Jv  Is  reported  as  a  function  of  the 

to 

Injection  time  for  films  that  were  annealed  in 
ammonia  at  various  temperatures  for  a  fixed 
time  (30  min)  (Fig. 1) ,  or  for  different  times 
at  a  fixed  temperature  (900®C)  (Fig. 2).  As  ex- 


FIGURE  I 

Effect  of  nitrldation  temperature  on  the 
charge  trapping  by  electron  avalanche  Injec¬ 
tion  at  room  temperature. 

pec  ted,  a  large  increase  In  electron  trapping 

Is  observed  after  nitrldation.  The  density  of 

the  electron  traps  Increases  with  nitrldation 

temperature  or  time.  The  average  nitrogen 

concentration  also  Increases  for  more  severe 

nitrldation  conditions  /1,2/.  Moreover,  the 

dominant  electron  trap  has  a  capture  cross 
•16  2 

section  of  '10  cm  ,  which  is  larger  than 
that  attributed  to  water-related  centers  in 
oxide  (10  ^-10  cm^).  Therefore,  this  trap 


FIGURE  2 

Effect  of  nitrldation  time  on  the  charge  trap¬ 
ping.  I  *  1x10  A. 

does  not  seem  to  be  related  to  OH  or  H20  de¬ 
fects,  but  it  Is  probably  due  to  nitrogen 
itself.  In  fact,  It  has  been  shown  that  group 
V  Impurities  (N,P,As,Sb)  can  act  as  electron 
traps  when  they  occupy  oxygen  sites  /10/. 


FIGURE  3 

JV_/t  vs  t  for  films  nltrlded  at  900*C. 

ID  OX  ox 

Fig.  3  shows  (taken  after  100  sec) 

divided  by  the  oxide  thickness,  tQx,  for 

samples  with  different  t  nltrlded  at  900*C 

ox 

for  30  min.  The  trapping  rate  varies  approxi¬ 
mately  as  the  square  of  the  oxide  thickness, 
which  suggests  that  the  traps  are  uniformly 
distributed  throughout  the  nltrlded  oxide.  A 
similar  conclusion  has  been  reached  in  / 5/  on 
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the  basis  of  photo  I-V  measurements. 

The  aost  Interesting  results  of  this  work, 
however,  are  those  related  to  the  turn-around 
effect.  As  can  be  seen  In  Flgs.l  and  2,  the 
generation  of  positive  charge  at  the  lnsula- 
tor-slllcon  interface  nay  be  present  also  In 
nltrlded  oxides  depending  on  the  nitrldatlon 
conditions.  Only  under  severe  nitrldatlon 
conditions  (>  1000*C  or  >  120  min)  the  posi¬ 
tive  charge  generation  is  greatly  reduced  or 
eliminated.  Notice  that  this  happens  In  films 
with  high  density  of  electron  traps.  This  is 
quite  surprising,  since  the  generation  of  the 
interfacial  positive  charge  in  conventional 
oxides  has  been  usually  correlated  with 
electron  trapping  /7/.  Apparently,  there  are 
some  competing  effects  which  control  the  gen¬ 
eration  of  positive  charge  in  nltrlded  oxides. 
At  low  nitrldatlon  temperatures  or  for  short 
nitrldatlon  times,  the  generation  of  positive 
charge  Is  more  efficient  than  In  standard 
oxides  due  to  the  increase  of  the  electron 
traps  and  the  lowering  of  the  hole  barrier  at 
the  metal-S102  surface  (which  has  been  shown 
to  Increase  the  turn-around  effect  /Ilf).  For 
more  severe  nitrldatlon  conditions,  however, 
the  nitrogen  concentration  near  the  Interface 
Increases  /1,2/  at  such  a  level  that  the  die¬ 
lectric  structure  becomes  more  resistant  to 
Interfacial  damage.  The  mechanism  by  which 
this  happens  Is  not  clear.  He  can  only  specu¬ 
late,  as  suggested  In  /4/,  that  nitrogen,  due 
to  different  bonding  requirement,  may  impede 
the  relaxation  after  breaking  of  strained  Sl-0 
bonds.  The  effect  of  nitrogen  could  also  be 
due  to  changes  in  the  film  stress  which  can 
affect  the  Interface  state  generation  by  a 
modification  of  the  density  of  the  strained 
S1-0-S1  bonds  near  the  Interface  / 12/ .  In 


fact.  It  has  been  shown  that  It  is  possible  to 
tailor  the  N  concentration  in  deposited  oxynl- 
trided  films  In  such  a  way  to  obtain  film  and 
substrate  stress-free  /13/.  It  Is  lntsrestlng 
to  underline  that  a  reduction  of  positive 
charge  generation  along  with  an  Increase  of 


electron  trapping  has  been  recently  reported 
for  HCl  oxides  /I 4/  and  It  has  bean  suggested 
that  the  presence  of  chlorine  at  the  Interface 
would  reduce  the  oxygen  dangling  bond  density 
due  to  the  formation  of  chlorine-oxygen  bonds. 

He  found  that  the  generation  of  f -at  Inter¬ 
face  states  during  the  avalanche  Injection,  as 
revealed  by  the  deformation  of  quasi-static 
C-V  curves,  is  also  greatly  reduced  In  nitrid- 
ed  films  which  do  not  show  the  turn-around 
affect.  A  similar  reduction  In  the  generation 
of  radiation- Induced  interface  states  has  been 
reported  for  nltrlded  films  that  have  been 
through  severe  nitrldatlon  conditions  (1100'C, 
6h)  / 15/ .  Nitrldatlon  also  reduces  the  density 
of  high  field  generated  traps  /4/.  All  these 
effects  are  probably  related  to  the  presence 
of  a  sufficient  amount  of  nitrogen  In  the 
strained  layer  near  the  Interface. 

The  dependence  of  the  turn-around  effect  on 
the  Initial  oxide  thickness  further  supports 
the  role  of  the  nitrogen  near  the  interface. 
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FIGURE  4 

JV  is  s  function  of  electron  avalanche  In¬ 
jection  time  for  30  and  10  nm  films  nltrlded 
at  900*C  for  30  min. 

Fig. 4  shows  the  charge  trapping  behaviour  of 
30  and  10  nm  films  nltrlded  at  900*C  for  30 
min.  The  positive  charge  generation  Is  practi¬ 
cally  eliminated  In  the  10  nm  film.  A  qualita¬ 
tive  connection  with  the  fact  that  nitrldatlon 
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of  thicker  films  results  In  a  lower  concentra¬ 
tion  of  nitrogen  In  the  interfacial  region  HI 
may  be  made.  Notice  that  in  this  case  the 
suppression  of  the  positive  charge  generation 
is  also  favoured  by  the  concomitant  reduction 
in  the  electron  trapping. 
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FIGURE  5 

Effect  of  postnitrldatlon  annealing  in  N  for 
120  min  on  the  charge  trapping  in  30  nm  films 
nitrided  at  900°C  for  30  min. 

A  similar  effect  has  been  observed  for  30 
nm  films  after  a  postnitrldatlon  annealing  at 
1000°C  in  for  120  min.  The  results  are 
shown  in  Fig. 5.  The  annealing  both  reduces  the 
electron  trap  density  by  an  order  of  magnitude 
and  eliminates  the  turn-around  effect.  Anneal¬ 
ing  in  0^  is  less  effective  in  decreasing  the 
trap  density.  Further  investigation  is  neces¬ 
sary  to  fully  clarify  the  role  of  the  postni¬ 
trldatlon  treatments. 

4.  CONCLUSIONS 

The  electron  trapping  and  the  positive 
charge  generation  during  avalanche  injection 
through  thin  nitrided  oxide  films  were  studied 
as  a  function  of  the  process  conditions.  The 
presence  of  a  high  density  of  electron  traps, 
resulting  from  nitrogen  at  oxygen  sites 
throughout  the  oxide,  does  not  impede  the 
generation  of  positive  charge  to  be  suppressed 
under  severe  nitrldatlon  conditions.  The  proc- 


cess  dependence  of  the  turn-around  effect 
suggests  that  the  nitrogen  near  the  interface 
is  the  main  responsible  for  this  effect. 
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Deposition  conditions  of  plasma  CVD  AIN  films  were  optimized,  and  the  deposited 
films  were  examined  as  passivation  films  for  the  heat  treatment  of  GaAs.  It  was 
found  that  when  the  AlN/GaAs  was  annealed  at  850'C  for  15  min.  in  H2  atmosphere,  the 
film  was  more  oxidized  than  when  it  was  annealed  in  Ar  atmosphere.  Correponding  to 
the  oxidation,  the  surface  carrier  concentration  is  more  decreased  for  the  AlN/GaAs 
sample  annealed  in  H2  atmosphere.  Raman  spectroscopy  indicated  that  quite  amount  of 
stress  was  induced  at  the  interface  of  AlN/GaAs  when  it  was  annealed  in  H2,  and  TO 
phonon  which  is  inhibited  on  (100)  surface  was  observed.  When  the  AlN/GaAs  was  an¬ 
nealed  in  Ar  atmosphere,  the  Raman  peak  shift  due  to  the  stress  and  the  TO  phonon 
was  not  observed.  These  results  suggests  that  the  PCVD-A1N  is  a  good  passivation 
film  of  GaAs  when  it  is  annealed  in  Ar  atmosphere. 


1.  INTRODUCTION 

III-V  compound  semiconductors  represented  by 
GaAs  have  superior  properties  to  Si  such  as  a 
high  electron  mobility,  direct  band  gap  and  pos¬ 
sibility  of  he tero junctions.  However,  one  of  the 
biggest  drawbacks  of  the  compound  semiconductors 
is  that  a  good  insulating  or  passivation  film, 
such  as  Si02  for  Si,  has  not  been  available  so 
far.  Therefore,  the  GaAs  MISFET  has  not  been 
successful.  Passivation  films  for  annealing 
after  the  ion  implantation  still  have  some 
problems  such  as  Ga  out  diffusion  into  Si<>2  film 
or  stresses  between  SiNx  film  and  GaAs [1,2]. 

On  the  other  hand,  there  are  some  wide 
bandgap  III-V  materials  which  might  be  possible 
to  be  used  as  an  insulator  or  as  a  passivation 
film  for  GaAs.  AIN  seems  to  be  most  suitable 
material  because  it  has  a  bandgap  of  6.2  eV  and 
the  same  expansion  coefficient  as  GaAs. 
Actually,  it  is  reported  that  sputtered  AIN 
could  be  used  as  a  good  passivation  film  of  GaAs 
for  the  annealing  after  ion  implantations[3}. 
However,  plasma  CVD  generally  gives  less  damage 
on  III-V  materials  than  the  sputtering. 


In  the  previous  paper,  we  demonstrated  for  • 
the  first  time  that  amorphous  AIN  film  can  be 
deposited  by  the  plasma  CVD[4].  In  this  paper, 
we  would  like  to  present  the  first  report  on  the 
passivation  properties  of  these  PCVD-A1N  films. 

It  was  found  that  if  the  deposition  condi¬ 
tions  are  optimized  and  the  annealing  is  per¬ 
formed  in  Ar  atmosphere,  the  PCVD  AIN  films  can 
be  used  as  a  good  passivation  film  of  GaAs. 

2.  DEPOSITION  SYSTEM  and  DEPOSITION  CONDITIONS 

2.1.  Deposition  system 

A  commercially  available,  parallel  electrode 
plasma  CVD  system,  ANELVA  PED-301,  was  used  by 
modifying  the  gas  control  unit.  The  schematic 
diagram  of  the  deposition  system  is  shown  in 
Fig.l.  The  TMA  — A1(CHj)j —  was  supplied  to  the 
chamber  through  the  upper  electrode  with  H2  car¬ 
rier  gas.  The  NH3  was  supplied  from  the  side 
wall  of  the  chamber  in  a  separate  gas  line  from 
the  TMA,  When  they  are  mixed  in  the  same  gas 
control  unit,  they  react  to  make  something  white 
and  stuffs  the  gas  line  as  described  in  the  pre¬ 
vious  paper[4]. 
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The  teaperature  of  the  IMA  bubbler  and  the 
flow  rate  were  changed  from  16'C  to  25'C  and 
from  10  to  50  cc/ain.,  respectively,  but  typi¬ 
cally  the  bubbler  teaperature  of  16  'C  and  flow 
rate  of  40  cc/ain.  were  adopted.  The  NH3  flow 
rate  was  changed  froa  10  to  60  cc/ain.  Pressure 
of  the  chaaber  was  kept  at  1.0  -  2.0  Torr.  The 
substrate  teaperature  was  typically  300'C,  and 
the  rf  power  was  varied  from  20  to  250W. 


Fig.l,  Plasma  CVD  system  for  the  AIN  depo¬ 
sition  with  TMA  and  NH3. 

2.2.  Dependence  on  the  TMA  and  NH3  supply 
Figure  2  shows  the  dependence  of  the  deposi¬ 
tion  rate,  etching  rate  and  refractive  index  on 
the  supply  of  TMA.  The  etching  rate  was  measured 
by  30'C  phosphoric  acid  (H3PO4),  and  the  refrac¬ 
tive  index  was  measured  by  an  ellipsometry.  The 
deposition  rate  and  the  etching  rate  increase 
with  increase  of  the  TMA  supply.  The  refractive 
index  decreases  from  nearly  2.0  to  1.85  with  in¬ 
crease  of  the  TMA  flow  rate  from  20  to  50 
cc/min..  There  was  no  dependence  of  the  deposi¬ 
tion  rate  on  the  NH3  flow  rate.  These  results 
indicate  that  the  deposition  rate  is  determined 
by  the  supply  of  A1  and  a  better  film  is  ob¬ 
tained  for  a  higher  NH3/TMA  ratio. 

3.  PROPERTIES  as  a  PASSIVATION  FILM 
for  GaAs  ANNEALING 
3.1.  Samples  and  experiments 
Si  doped  conductive  LEC  GaAs  (n-6xlOi6  cm~^) 
was  used  as  the  substrate  to  see  change  of  the 
surface  carrier  concentration  and  the  stress  at 


Fig. 2,  Dependence  of  the  deposition  rate, 
etching  rate  and  refractive  index  on  the 
TMA  flow  rate. 


the  interface.  The  AIN  films  were  deposited  on 
the  GaAs  substrates  in  nearly  the  optimum  condi¬ 
tions  (TMA/H2;16'C/40cc,  NH3;60cc,  rf  power ;20W, 
Tsi300’C>,  and  were  annealed  at  850'C  for  15 
min.  in  H2  or  in  Ar  atmosphere.  Composition 
profiles  were  measured  by  sputtering  Auger 
Electron  Spectroscopy  (AES).  Stress  at  the 
AlN/GaAs  interface  was  estimated  by  Raman 
spectroscopy. 

3.2.  Change  of  the  deposited  AIN  films 
by  the  heat  treatment  (annealing) 

Figure  3  shows  the  composition  profiles  of  an 
AlN/GaAs  structure  after  the  heat  treatments  in 
H2  or  in  Ar  atmosphere.  The  N  content  was  about 
2/3  of  the  A1  content,  but  this  film  gave  better 
passivation  characteristics  than  the  one  whose 
Al/N  ratio  was  1. 

When  the  lample  was  annealed  in  Ar,  change  of 
the  composition  profile  was  not  detectable,  but 
for  the  sample  annealed  in  H2,  the  oxygen  con¬ 
tent  increased  to  about  10Z  and  the  N  content 
decreased  slightly.  This  result  is  contrary  to  a 
common  sense,  because  H2  is  generally  thought  to 
prevent  oxidation  of  the  sample.  One  possibility 
is  that  oxygen  in  the  H2  gas  converts  to  H20, 
and  since  H20  molecule  is  smaller  than  02 
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molecule,  the  H2O  goes  into  the  AIN  fils  and 
oxidize  the  Al. 

There  is  no  indication  of  Ga  or  As  out  diffu¬ 
sion  into  the  AIN  film  after  the  annealing, 
which  is  a  serious  problem  of  Si02  passivation 
films  on  GaAs.  In  that  sense,  the  PCVD  AIN  film 
is  better  than  at  least  Si02  as  the  passivation 
film  of  GaAs. 


Fig. 3,  Composition  profiles  of  the  AlN/GaAs 
structure  after  the  annealing  in  H2  or  in 
Ar  atmosphere. 


Figure  4  shows  changes  of  the  refractive  in¬ 
dex  and  the  etching  rate  with  30  'C  H3PO4  as  a 
function  of  the  annealing  temperature.  The  an¬ 
nealing  time  is  30  min..  The  deposition  condi¬ 
tions  of  the  film  are  listed  in  the  figure.  The 
etching  rate  decreases  very  quickly  with  in¬ 
crease  of  the  annealing  temperature,  and 
saturate  at  temperatures  of  more  than  700 'C. 
This  fact  should  mean  that  the  film  becomes  much 
denser  by  the  heat  treatment,  but  the  refractive 
index  does  not  seem  to  increase  by  the 
annealing.  This  is  probably  due  to  low  accuracy 
of  the  measurement  of  the  refractive  indexes. 
There  is  no  difference  of  the  property  change  by 
different  ambient  gases  during  the  annealing, 
even  though  the  films  were  more  oxidized  in  the 
H2  atmosphere. 


Fig. 4,  Dependence  of  the  etching  rate, 
refractive  index  on  the  annealing 
temperature. 

3.3,  Change  of  the  carrier  concentrations 
of  the  GaAs  surface 

Figure  5  shows  the  carrier  concentration 
profiles  of  the  GaAs  surface  before  and  after 
the  heat  treatment  with  the  AIN  passivation 
film.  When  the  ambient  gas  is  H2,  decrease  of 
the  surface  carrier  concentration  is  observed. 


DEPTH  (  jim  ) 

Fig. 5,  Change  of  the  surface  carrier  density 
profile  by  the  anneling  in  H2  and  in  Ar. 
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but  for  the  annealing  in  Ar,  the  carrier  con¬ 
centration  profile  is  alaost.  the  name  as  that  of 
the  as  grown  one.  This  fact  alao  indicates  that 
Ar  is  a  better  ataosphere  for  the  annealing  of 
the  AlN/GaAs  structure. 

3.4.  Rasan  spectra  of  the  annealed  AlN/GaAs 

It  ia  reported  that  the  stress  at  the  pas¬ 
sivation  fila-substrate  interface  can  be  ea- 
tiaated  froa  the  shift  of  Raaan  spectrua[5].  In 
order  to  see  the  stress  at  the  AlN/GaAs 
interface,  Raaan  spectra  of  the  annealed  saaples 
in  H2  and  in  Ar  ataosphere  were  aeasured.  The 
6471A  line  of  Ar  laser  was  used  for  the  excita¬ 
tion  on  the  (100)  GaAs  surface  with  the  AIN 
filn.  The  aeasureaent  was  perforned  at  room 
teaperature. 

The  results  are  shown  in  Fig. 6.  The  Raaan 
shifts  for  the  as-deposited  saaple  and  the  one 
annealed  in  Ar  aabient  at  850'C  for  15  ain.  were 
only  the  shift  due  to  L0  phonon,  and  it  is 
291.S/ca  which  is  alaost  the  saae  as  the  one  for 
free  GaAs  surface  (292/ca).  The  Raaan  spectrua 
of  the  saaple  annealed  in  H2  ataosphere  was  dif¬ 
ferent  from  those  of  the  as-deposited  one  or  the 
one  annealed  in  Ar.  A  small  signal  of  the  shift 
due  to  TO  phonon  is  observed  at  266/ca.  Since 
the  Raaan  shift  due  to  TO  phonon  is  prohibited 


Fig. 6,  Raaan  spectra  before  and  after  the 
annealing  in  H2  or  in  Ar. 


on  (100)  GaAs  surface,  this  fact  aeans  that  the 
surface  of  this  saaple  is  slightly  disordered  by 
the  heat  treatment.  Furthermore,  the  peak  dje  to 
L0  phonon  is  290.1/ca,  which  ia  shifted  from  the 
aa-deposlted  one  by  1.4/ca.  According  to  Cer- 
deira  et  al.'s  results[6],  this  shift  aeans  that 
there  is  stress  of  about  10*®  dyn  at  the 
interface.  This  large  stress  at  the  interface 
must  be  related  with  the  facts  that  the  AIN  film 
is  oxidized,  and  the  surface  carrier  density  is 
decreased  by  the  annealing  in  H2  ataosphere. 
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A  modified  photo-FET  technique  is  presented  where  the  Idss  photoresponse  before  and  after 
EL2  quenching  is  measured.  The  technique  has  been  applied  both  to  ion-implanted  FETs  and 
to  VPE  grown  devices  with  buffer  thicknesses  ranging  from  0.7  ^m  to  3  fim  grown  on 
chromium -doped  substrates.  The  removal  of  the  EL2  contribution  to  the  photoresponse  leads 
to  a  modification  of  the  charge  states  of  the  remaining  deep  levels  whose  presence  can  be 
detected  by  examining  the  difference  between  the  quenched  and  unquenched  Idss  spectra.  In 
the  case  of  VPE  FETs,  a  minimum  buffer  thickness  to  avoid  chromium  diffusion  problems  can 
be  established. 


1  INTRODUCTION 

It  has  been  known  for  some  time  that 
certain  defects  in  GaAs  FETs  can  be  revealed 
by  observing  the  photoresponse  of  the  Saturated 
Drain  Current  at  zero  bias,  [1],  It  is 

generally  accepted  that  such  effects  result  from 
the  extrinsic  ionization  of  deep  centres  in  the 
high  resistivity  region  beneath  the  channel  layer. 
In  many  cases  the  photo-emission  of  carriers 
from  traps  affects  the  channel  width.  Traps  in 
the  active  region  can  also  be  studied  by  Deep 
Level  Transient  techniques  such  as  DLTS  and 
this  allows  centres  to  be  studied  and  their 
concentrations  estimated  [2,3]. 

However,  the  photoresponse  is  often 
complicated  by  different  centres  which  are 
excited  simultaneously  and  the  spectrum  is 
difficult  to  interpret.  In  this  paper  we  present 
a  modification  of  the  photo -Ih«  technique 
where  the  dominant  defect,  EL2,  is  selectively 
and  reversibly  quenched.  The  photoresponse 
before  and  after  quenching  of  the  EL2  centres 
allows  an  analysis  of  the  residual  defect  energy 
levels  to  be  made. 

2  EXPERIMENTAL 

Amongst  the  deep  level  centres  in  GaAs 
FET  structures,  both  epitaxial  and 
*  Plessey  (Caswell)  Ltd.,  Towcester,  Norths 


ion-implanted  is  El 2.  This  native  defect  is 
believed  to  be  a  complex  involving  the  arsenic 
antisite  As(ja. 

2  EXPERIMENTAL 

Amongst  the  deep  level  centres  in  GaAs 
FET  structures,  both  epitaxial  and 
ion-implanted  is  EL2.  This  native  defect  is 
believed  to  be  a  complex  involving  the  arsenic 
antisite  AsQa- 

EL2  centres  exhibit  the  remarkable  property 
of  being  rendered  both  electrically  and  optically 
inactive  after  irradiation  by  sub-bandgap  light 
at  temperatures  below  —  120K  [4-6].  It 
follows  that  any  photoresponse  of  GaAs  FETs 
which  involves  EL2  can  be  modified  if  these 
centres  can  be  "quenched"  in  this  way. 
Additionally,  because  EL2  is  a  deep  donor, 
modifications  to  the  responses  of  other  levels 
after  quenching  provides  information  about  their 
charge  states. 

The  experimental  arrangement  is  indicated  in 
Figure  1.  The  GaAs  FET  is  held  in  a  variable 
temperature  (77-500K)  cryostat.  The  device  can 
be  illuminated  via  quartz  windows  from  a 
double  grating  monochromator  and  a  quartz 
halogen  bulb.  The  wavelength  range  is  from 
lire.  England. 
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above  the  bandedge  at  0.85  pm  to  2  »»m.  I  dss 
is  displayed  as  a  function  of  wavelength  on  an 
X-Y  recorder. 

Light  Source  Monochromator 

O  0 


Motor  Drive  X-Y  Rocordor 
FIG  1  Experimental  arrangement. Bleaching  light 
source  sits  between  monochromator  and  cryostat. 

initially,  the  device  is  cooled  to 
approximately  80K.  Changes  in  the  spectral 
response  of  Idas  are  found  to  occur  at 
wavelengths  shorter  than  about  1.6  /an,  at 
longer  wavelengths  there  is  little  or  no 
response.  This  spectral  response  is  totally 
reproducable  and  there  is  no  evidence  of 
changes  being  induced  due  to  quenching  of 
ft  7  However,  after  the  FET  is  illuminated 
with  the  strong  light  from  a  naked  incandescent 
bulb,  placed  near  the  cryostat,  the  spectrum  is 
modified. 

The  new  spectral  response  is  stable  at 
temperatures  below  100K,  but  recovers  to  the 
previous,  non- quenched  state  once  the 
temperature  is  raised  above  120K.  This 
behaviour  is  a  well-accepted  characteristic  of 
the  EL2  centre. 

Figure  2  shows  the  80K  photoresponse 
before  and  after  quenching.  ^The  FET  is 
produced  by  direct  Si®  ion -implantation  into  an 
undoped,  semi -insulating  LEC  GaAs  substrate. 
It  is  seen  that  not  only  can  photo-excitation 
increase  and  decrease  idss  as  a  function  of 
wavelength,  but  that  in  this  case,  quenching 
reduces  the  spectral  response  also  as  a  function 
of  wavelength. 

Figure  3  shows  a  similar  result  obtained  on 
a  FET  produced  by  VPE  growth  on  a 
chromium-doped  substrate.  The  technique  used 
for  these  samples  involved  the  growth  of  a 


FIG  2  Variation  of  IDSS  with  wavoiongth  for  ion 
implontod  FET.boforo  and  oftor  Mooching. 

thin,  nominally  undoped  buffer  layer  ranging  in 
thickness  from  0.7  pm  to  3  /an  on  a  Or  doped 
substrate.  A  sulphur  doped  epi- layer  channel 
was  then  grown,  followed  by  a  silicon  doped 
contacting  layer.  In  this  case  with  a  buffer 
thmirnmai  of  0.7  pm  photo-quenching  increases 
Lu.  around  1.6  >un  by  nearly  60% 

It  was  found  that  the  photosensitivity  of 
thoc*.  FETs  varied  markedly  with  buffer 
thirim#**  and  this  has  been .  correlated  to  out- 
diffusion  of  Or  into  the  buffer  layer  [7-9], 


2.0  1.9  1.8  1.7  1.8  I  S  1.4  1.3  1.2  1.1  1.0  0.9 

Wovolongth(um) 

FIG  3  Voriotion  of  ©SS  with  wavoiongth  for  VPE  FET 
boforo  end  after  Mooching. 

Previous  work  suggests  that  the  buffer  layer 
rrmt«in«  Bt3.  centres  at  concentrations  of  10M  to 
lOUcm-*  in  addition  to  Or  atoms  which  have 
diffused  from  the  substrate.  Spectral  changes 
after  quenching  are  greater  for  VPE  grown 
FETs  with  buffer  layer  thicknesses  of  less  than 
1  m®  than  the  ion-implanted  devices. 

3  DISCUSSION 

The  photoresponse  of  GaAs  FETs  must  be 
due  to  modifications  of  the  channel  conductivity 
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beneath  the  Schottky  gate.  Whether  or  not 
these  are  due  to  direct  excitation  within  the 
depletion  region,  the  pinched-off  channel  or 
elsewhere,  extrinsic  photoresponse  must  be  due 
to  carriers  excited  from  deep  levels.  We  can 
assume,  bice  several  other  authors  [1,1041],  that 
this  photo-excitation  takes  place  either  in  the 
buffer  layer  or  in  the  region  adjacent  to  the 
channel/buffer  (for  epitaxial  FETs),  or  near  the 
channel/substrate  interface  for  ion  -  implanted 
FETs.  In  other  words,  we  probe  the  deep 
level  defects  in  regions  essentially  depleted  of 
carriers  and  photo-excitation  is,  therefore, 
important. 

Consider  the  band  diagram  in  Figure  4, 
where  it  is  assumed  that  deep  acceptors  in 
addition  to  EL2  are  present;  shallow  levels  are 
ignored.  The  allowed  transitions  which  produce 
photo-excited  carriers  are  indicated.  Clearly, 
the  removal  of  electrically  active  El  3  defects 
by  quenching  (Figure  4(b))  modifies  the 
spectrum  appreciably;  the  three  ionization  paths 
being  replaced  by  a  single  transition. 


CB 

£12 

ACC 

VB 


Safer*  Quenching 
(e) 


CB 


9  9  0  0  0  0  ACC 

_  VB 


After  Quenching 

<b) 


FIG  4  (ojAHewed  optic oJ  transitions  with  EL2  end 
another  deep  level  (acceptor),  (b)  allowed 
transitions  with  EL2  removed  by  bleaching. 


In  addition,  the  relative  position  of  the  deep 
acceptor  level  with  respect  to  the  EL2  level  can 
also  be  deduced  because  if  this  was  higher  in 
the  band  gap  than  EL2,  quenching  would  not 
affect  its  charge  state. 

The  difference  between  the  spectra  before 
and  after  quenching  reveals  information  on 
centres  have  been  modified  and  on  the  EL2 
centres  which  have  been  removed. 


Figures  5  and  6  show  the  difference  spectra 
for  0.7  ttm  buffer  VPE  FET  and  the 
ion -implanted  FET  respectively. 


buffer. 


Wovetength(um) 


FTC  6  Difference  spectrum  for  ion  implanted  FET. 
The  spectrum  shows  the  optical  ionisation  cross 
section  for  EL2.sugg*sting  that  no  other  centres 
were  excited  within  the  wovelength  range. 

The  ion  implanted  difference  spectrum 
shows  that  the  photo-kin  response  was  due  to 
EL2  alone  [12,13].  The  VPE  FET  difference 
spectra  are  complicated,  but  they  reveal  the 
EL2  peak  as  before.  The  change  in  charge  state 
of  the  Or  atoms  caused  by  the  removal  of  the 
EL2  is  also  revealed. 

We  have  employed  DLTS  to  confirm  that 
chromium  atoms  are  present  in  the  channel 
layer  and  that  our  interpretation  of  the  photo - 
Idn  spectra  is  reasonable.  However,  simple 
DLTS  does  not  indicate  different  charge  states 
whereas  the  method  reported  is  sensitive  to 
these  parameters.  The  data  have  been  used  to 
estimate  the  best  buffer  thickness  for  VPE 
FETs.  Figure  7  shows  how  the  photo¬ 
sensitivity  of  the  FETs  varies  with  buffer 
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thickness.  As  the  buffer  thickness  decreases  to 
less  than  2.S  pm  the  changes  in  I  ^  (both 
positive  and  negative)  become  significant. 
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Buffer  Thickness  (urn) 

Fig  7  IOSS  sensitivity  to  buffer  thickness  on  Cr 
doped  substrates. 

4  CONCLUSIONS 

It  has  been  shown  that  the  photoquenching 
of  EL2  from  FET  structures  can  cause 
significant  modifications  to  the  photoresponse  of 
these  devices  so  revealing  previously  hidden 
processes.  Positions  of  deep  centres  with 
respect  to  EL2  can  be  established  and,  together 
with  DLTS,  can  be  used  to  characterise  them. 
The  technique  is  non-destructive  and  can  be 
used  on  standard  devices. 
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Capacitance  DLTS  measurements  have  been  performed  in  VPE  GaAs  MESFETs  prepared  on 
Bridgman  Cr-doped  and  LEC  undoped  semi  insula  ting  substrates.  A  band  of  electron  traps  was 
detected  near  the  metal  (gate)-semiconductor  interface.  Near  pinch-off  conditions,  a  positive 
capacitance  signal  was  found  to  dominate  the  DLTS  spectra  in  samples  prepared  on  Cr-doped 
substrates.  The  feature  of  this  positive  capacitance  transient  have  been  analyzed  and  discussed 


1.  INTRODUCTION 

In  short  gate  GaAs  MESFETs,  the  DLTS  (deep  level 
transient  spectroscopy)  technique  is  commonly  used  in 
the  conductive  mode  [1,2]  since  the  gate  capacitance  is 
too  small  for  an  accurate  detection  of  the  capacitance 
transients.  Conductance  DLTS  signals,  whose  sign  is 
consistent  with  hole  (minority  carrier)  emission 
processes,  have  been  frequently  observed  to  dominate 
the  DLTS  spectra  [1-4],  However,  at  present,  a 
common  accepted  idea  is  that  the  'positive*  signature 
of  conductance  DLTS  signals  in  short  gate  GaAs 
MESFETs  is  related  to  electron  emission  from  surface 
states  in  the  ungated  surface  source-gate  and  gate- 
drain  access  regions  [5-7].  Only  a  few  signals,  such  as 
the  one  corresponding  to  the  ubiquitous  EL2  electron 
trap,  seem  then  to  be  doubtless  related  to  true  buk 
traps  in  high-quality  devices.  In  the  light  of  these 
results,  and  taking  also  advantage  of  the  fact  that 
conductance  and  capacitance  DLTS  give  similar  results 
in  large  area  devices  [8],  we  have  reconsidered  a 
capacitance  DLTS  investigation  in  VPE  GaAs  MESFETs 
using  enlarged  contact  patterns. 


2.  EXPERIMENTAL  METHODS 

The  GaAs  MESFETs  were  prepared  by  Telettra  SpA. 
Both  Bridgmann  Cr-doped  and  LEC  undoped  semi- 
insulating  GaAs  substrates  were  used.  The  active 
channel  was  obtained  by  S-doping  during  the  final 
growth  stages  of  the  variable  thickness  VPE  layers 


(1-8  pm)  grown  by  the  AsCLj  method  at  T-700  C.  A 
surface  layer  0.2  pm  thick  was  then  removed  by 
etching  before  the  deposition  of  the  TiPdAu  gate 
contact.  The  maximum  electron  concentration  n^  in 
the  active  channel  was  l.4xl017  cm'3,  but  a  tew 
samples  were  prepared  with  significantly  lower 
concentrations  (5-6x1016  cm-3).  The  residual 

concentration  INq-NaI  of  uncompensated  shalow 
Impurities  in  the  undoped  (buffer)  VPE  region  was  in  the 
range  of  101 4  cm-3. 

The  DLTS  investigation  was  performed  using  both  a 
lock-in  system  and  a  double  boxcar  averager  for 
processing  the  transient  capacitance  signal.  In  the 
latter  case,  filling  pulses  as  width  as  100  ms  could  be 
easily  employed.  To  have  significant  gate  capacitances 
we  used  an  enlarged  contact  pattern  (fat  FET)  with  a 
100  pm  gate  lenght  and  10  pm  inters  led  node  spacings 
During  measurements,  the  source  and  drain  contacts 
were  conneded  together.  By  means  of  a  standard  C-V 
technique  the  eledron  concentration  in  the  active 
channel  was  profiled  as  a  function  of  both  position  and 
gate  reverse  voltage  Vg.  A  suitable  choice  of  Vg  makes 
then  possible  to  take  DLTS  spedra  which  are  related  in 
a  controlled  manner  to  dtfferent  depleted  regions. 

3.  RESULTS 

The  highly  doped  adhre  channel  was  Investigated  by 
keeping  Vg  at  suitable  low  values.  For  samples  with 
n^-  1.4x10’ 7  cnr3  this  could  be  achieved  using 
Vg--06  V  (see  ptot  1  in  fig.1b).  The  corresponding 
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DU'S  spectrum  (plot  1,  fig.  la),  taken  at  a  voltage  pulse 
ampftude  Vp-0.6  V.  shows  a  bread  band  of  elec iron 

traps  with  concentrations  Nt-2nmn(AC/C)  m  the  range 
3-6xl014  err3.  The  DLTS  signal  has  a  maximum  at  a 
temperature  not  far  from  the  one  (T-265  K) 

correspondng  to  the  electron  trap  EL3  (Ec-E^O.575 

eV).  This  band  was  found  in  an  the  samples  and  the 
spectrum  did  not  change  using  different  width  tp  of  the 
filling  pulse:  more  specifically,  positive  capacitance 
signals  were  not  observed  even  for  t-40  ms.  It  must  be 
stressed  here  that,  under  the  specified  conditions, the 
depletion  region  W  is  limited  to  0.11  pm  and  the  electron 
traps  responsible  of  the  observed  band  are  even  closer 
to  the  gate  contact.  A  more  deep  region  (W-0.28  pm)  in 
the  active  channel,  although  far  from  the  pinch-off 
conditions,  could  easily  be  investigated  in  samples  with 

a  lower  doping  level  (fVnax-5-6  x  1016  cm-3)  using 


Figure  1 

DLTS  spectra  (la)  within  the  conducting  channels  of 
MESFETs  having  different  doping  profiles  (1b).  Rate 
window-21.7  sec’1  (lock-in  system).  See  text  for 
further  details. 


Figure  2 

Typical  DLTS  spectrum  of  a  GaAs  MESFET  prepared  on  a 
LEC  undoped  substrate.  Vg- 1.8  V  is  near  pinch-off 
conditions.  Vp-0.6  V,  rate  window-49.5  serr1  (boxcar 
system). 

VB— 2.2  V  (plot  2,  fig.lb).  The  occurence  of  a  flat 
spectrum  taken  at  Vp-1  V  (plot  2a,  fig.la)  means  that 
the  trap  concentration  within  this  region  can  be 
estimated  to  be  smaller  than  Ix1013  cm3.  As  a  check, 
if  Vg  is  reduced  to  -0.2  V  in  the  same  sample,  in  order 
to  investigate  a  shallower  region  (W-0.16  pm),  a  band 
of  electron  trap  can  be  again  observed  (plot  2b,  fig.la). 
It  should  be  noted  that,  owing  to  the  different  doping 
levels  in  the  two  conductive  channels,  the  trap 
concentration  corresponding  to  curve  2b  is  roughly  2.5 
times  smaller  that  the  one  of  case  2a.  We  may  conclude 
that  the  observed  traps,  being  absent  in  the  deep 
channel  region,  are  not  related  to  the  VPE  growth 
process.  Moreover,  they  cannot  be  related  either  to  the 
interruption  ol  the  VPE  growth,  since  a  0.2  pm  surface 
layer  was  removed.  The  fact  that  they  could  be  related 
to  defects  introduced  close  to  the  contact  by  the  gate 
metalization  process  deserves  further  investigations. 

When  even  deeper  regions  were  investigated  and  the 
active  channel  was  nearly  depleted,  quite  different 
results  were  obtained  for  MESFETs  prepared  with 
different  substrates.  For  LEC  undoped  substrates  both 
the  electron  trap  ELI  6  (Ej.-Et-0.37  eV)  and  EL2  (Eg- 
Et-0.78  eV)  were  detected  (fig.2),  white  in  the  case  of 
Cr  doped  substrates  the  DLTS  spectra  were  dominated 
by  the  presence  of  a  positive  capacitance  signal  whose 
amplitude  was  strongly  dependent  on  both  the  frequency 
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Figure  3 

Typical  DLTS  spectra  o f  a  GaAs  MESFET  prepared  on  a 
Cr-doped  substrate.  Vg— 1.8  V.  Vp-0.6  V,  rate 
window-21.7  sec-1  (lock-in  system).  Different  spectra 

refer  lo  different  width  tp  o(  the  filing  pulse. 

and  the  filling  pulse  width  tp  (fig.3).  The  signal 
ampitude  saturates  at  tp-50  ms.  The  origin  of  this 
signal  can  hardly  be  related  to  surface  effects  within 
the  interelectrode  spacings,  similar  to  those  reported 
in  [5-7].  In  fact  it  was  completely  absent  in  MESFET 
samples  grown  on  LEC  undoped  substrates.  Moreover  it 
could  be  detected  only  when  Vg  was  sufficiently  large, 
not  far  from  the  pinch-off  value  (fig.4).  The  positive 
AC/C  signal,  if  due  to  the  variations  of  the  trapped 
surface  charge,  for  the  simplified  case  of  a  homogenous 
sample,  is  roughly  given  by 
AC  4D  AW 

C  *  lg+4D  W 

with  Lg-gate  length,  D-interelectrode  spacing, 

W-W(Vg)-depletion  width  under  the  reverse  gate 
voltage  Vg  and  AW-varialion  of  W  due  to  the  voltage 
pulse  Vp.  Since  W  is  an  increasing  function  of  Vg  and 
since  AW  decreases  by  increasing  Vg.  the  ampitude  of 
the  positive  signal  should  continuously  decrease  by 
increasing  Vg.  This  is  contrary  to  the  observed 
behaviour. 

Finally,  with  reference  to  the  possibility  that  a  high 
series  resistance  R*  may  reverse  the  sign  of  the 
appearsnt  Capacitance  transient,  as  suggested  in  (9], 
we  checked  the  R,  value  in  our  samples  by  comparing 
low  and  high  frequency  values  of  the  gate-drain 


conductance.  Under  operative  conditions  we  derive 
Q-Rsa>C  v  o.l,  which  is  tar  from  the  value  (G-l)  tor 
reversing  the  signal. 

As  a  comment,  the  possfctty  of  bufc  hole  traps  being 
responsive  for  the  observed  positive  DLTS  signal  might 
be  reconsidered.  It  was  impossfcle,  however,  to  get 
reliable  activation  energies  since  two  emission 
processes  ,  at  least,  contribute  to  the  positive  DLTS 
signal,  as  argued  from  fig.4.  As  suggested  by 
Zylberste)n  et  al.  [2],  the  population  of  a  hole  trap  level 
can  be  changed  by  pulsing  the  gate  since  the  hole  quasi- 
Fermi  level  Fp  can  intersect  the  level  at  the  barrier 
between  the  active  layer-substrate  interlace.  We 
believe  that  this  model  could  be  still  valid.  In  principle, 
even  if  the  barrier  is  distributed  on  the  whole  buffer 
thickness  as  a  consequence  of  a  strong  depletion  effect. 
The  hole  density  can  then  be  small  enough  to  be 
responsible  for  low  capture  rates.  The  role  of  Cr  doped 
substrates  should  be  considered  by  accounting  that  Cr 
diffusion  can  both  introduce  trap  levels  and  change  the 
shape  of  the  barrier  within  the  buffer  layer. 


Temperature  (K) 


Figure  4 

DLTS  spectra  of  a  GaAs  MESFET  prepared  on  a  Cr  doped 
substrate.  The  different  spectra  refer  to  different  Vg 
values,  as  irxScated.  The  filling  pulse  reaches  the  0  v 
level,  tp-2  ms,  rate  window-2 1.7  sec1  (lock-in 
system). 

4.  CONCLUSIONS 

A  capacitance  DLTS  investigation  has  been  performed 
in  GaAs  MESFETs.  Two  main  results  can  be 
summarized:  (i)  a  band  of  electron  traps  has  been 
detected  near  the  Interface  between  the  Schottky  gate 
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contact  and  tha  active  channel.  This  band  b  not  detected 
deep  in  the  active  layer,  so  t  cannot  be  related  to  the 
VPE  growth  process  (I)  positive  capacitance  DLTS 
signals  whose  features  are  haitey  consistent  with  the 
hypothesis  of  surface  states  have  been  detected  near 
psicn-on  commons. 

REFERENCES 

[1]  AWerstein.  M.G.,  Electron.  Lett.  12  (1976)  297 

[2]  Zyberstejn.  A.,  Bert,  G.  and  Nuzillat,  G.,  Inst. 
Phys.  Corf.  Ser.  45  (1978)  315 

[3]  Itoh,  T.  and  Yarrai,  H.,  IEEE  Trans.  Electron  Dev. 
ED-27  (1980)  1037 


(41  Mtomeau,  A.,  Melgnant,  D„  Baudet,  P.,  Berth,  M. 
and  Hollan,  U  Inst  Phys.  Conf.  Ser.  58  (1981) 
445 

[51  Wais,  R.H.,  Faucher,  A.,  Pons.  D.  and  Jay.  P.R., 
Inst.  Phys.  Cote.  Ser.  74  (1965)  287 

[8]  Blight,  S.R.,  Wallis,  R.H.  and  Thomas.  H.,  IEEE 
Trans.  Electron  Dev.  ECK33  (1986)  1447 

(71  Harrang,  J.P.,  TatdeMa,  A..  Rosso,  M.,  Alnot.  P. 
and  Peray,  J.F.,  J.  Appl.  Phys.  61  (1987)  1931 

[8]  Hawkins,  I.D.  and  Peaker,  A.R.,  Appl.  Phys.  Lett.  48 
(1966)227 

[9]  Broniatowsky,  A.,  Blosse,  A.,  Srivastava,  P.C.  and 
Bourgoin,  J.C.,  J.  Appl.  Phys.  54  (1983)  2907 


862 


Session  D3.2 


Laser 

n 


Chairman:  J.  Turner 


Wednesday,  September  16, 1987 


D3.2.1 


ANALYSIS  AND  DESIGN  OF  PHASE-LOCKED  DIODE  LASER  ARRAYS 

F.  LOZES-DUPUY,  A.  BENSOUSSAN,  S.  BONNEFONT,  G.  VASSILIEFF,  H.  MARTINOT 

Laboratoire  d'Automatique  et  d' Analyse  des  Systtmes  du  CNRS 
7,  Avenue  du  Colonel  Roche  -  31077  TOULOUSE  CEDEX  -  FRANCE 


A  general  eigenmode  analysis  is  applied  to  model  typical  index-guided  pha¬ 
se-locked  laser  arrays.  It  is  shown  that  in  phase  operation  can  be  achie¬ 
ved  if  only  a  very  narrow  range  of  structural  parameters  is  controlled.  CSP 
arrays  are  found  to  exhibit  efficient  supermode  discrimination. 


1.  INTRODUCTION 

Semiconductor  laser  arrays  are  receiving  wi¬ 
despread  interest  due  to  their  capabilities  for 
high  power  applications.  Such  devices  could  be 
used  in  optical  communications  between  satelli¬ 
tes,  short-haul  local  area  networks,  laser 
printers,  optical  recording  systems. 

One  promising  approach  is  to  phase  lock  clo¬ 
sely  spaced  narrow  stripe  lasers  by  evanescent 
coupling.  The  control  of  the  array  modes,  howe¬ 
ver,  is  the  main  problem  to  be  solved.  Most  la¬ 
ser  diode  arrays  oscillate  in  the  out-of  phase 
lateral  mode,  yielding  a  double-lobe  far-field 
pattern. 

In  this  paper,  a  coupled-mode  analysis  is 
applied  to  describe  the  operation  of  phase-loc¬ 
ked  injection  laser  array.  The  model  is  applied 
to  typical  index  laser  arrays  in  order  to  define 
structures  operating  with  all  the  elements  in 
phase  and  having  a  resulting  narrow  single-lobe 
far-fleld  pattern. 

2.  COUPLED-MODE  ANALYSIS 

Coupled-mode  analysis  [1,2]  is  used  to  ana¬ 
lyse  the  lateral  modes  of  the  arrays.  The  N  su¬ 
permodes  supported  by  an  array  consisting  of  N 
weakly  coupled  single-mode  lasers  are  given  by 
solving  the  well-known  set  of  the  simultaneous 
equations  : 


(bL-Vap  +  KP.P-1  AP-1  +  W  aU 

D  *  1. 


N  and  L  -  1, 


U) 


N 


The  eigenvalue  and  the  eigenvector  (A^,.., 

L  1 

Art )  are  respectively  the  propagation  constant 


and  the  amplitudes  of  the  individual  elements 
of  the  array  operating  in  the  L  th  supermode. 

The  propagation  constants  Bp  of  the  isola¬ 
ted  lasers  and  the  coupling  coefficients  K  are 
to  be  fir3t  determined  in  order  to  solve  the 
eigenvalue  problem  for  the  modes  of  the  array. 
A  simple  and  relatively  good  estimate  can  be 
made  by  treatinq  each  individual  laser  as  a 
three-layer  slab  waveguide  along  the  y-direc- 
tion  parallel  to  the  junction  planes.  The  stri¬ 
pe  and  interstripe  regions  form  in  the  x-direc- 
tion  multilayer  dielectric  waveguides  with  ef¬ 
fective  refractive  indices  [3]  corresponding 
to  a  fundamental  TE-like  mode. 

The  model  is  capable  of  analysing  both  uni¬ 
form  and 'chirped  arrays.  It  takes  into  account 
the  active  and  passive  nature  of  the  layers  by 
using  conplex  refractive  indices,  including 
carrier-induced  index  change  relations  [4]. 
Thus  the  model  should  be  useful  to  simulate  se¬ 
veral  kinds  of  index-guided  laser  arrays,  va¬ 
rious  geometries  or  nonuniform  current  distri¬ 
butions. 
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3.  ANALYSIS  OF  TYPICAL  LASER  ARRAYS 

Following  the  model,  the  main  parameters  of 
an  array  are  the  number  of  elements,  the  stripe 
width,  the  stripe  spacing,  the  lateral  optical 
confinement  of  an  individual  laser. 

On  the  other  hand,  single-lobe  far  field 
pattern  and  efficient  discrimination  between 
the  supermodes  require  very  restrictive  condi¬ 
tions.  In  the  case  of  uniform  arrays,  the  modal 
gain  of  the  L  th  supermode  is  given  by 

GL  »  c  -  (  I  cos  (2) 

where  G  is  the  modal  gain  of  the  isolated  indi¬ 
vidual  laser,  N  the  number  of  elements,  Kj  the 
imaginary  part  of  the  coupling  coefficient. 
Single-lobe  far  field  pattern  associated  with 
the  fundamental  supermode  is  achieved  if  Kj<0, 
and  good  discrimination  between  the  fundamental 
and  the  highest-order  supermode  is  provided  by 
large  values  of  i K ! t . 

The  model  has  been  applied  to  typical  index 
guided  laser  arrays  in  order  to  compare  their 
capability  for  stable  single  beam  operation. 

Buried  heterostructures  are  found  to  present 
strong  index  guiding,  eliminating  coupling  bet¬ 
ween  the  lasers  and  providing  broad  far  field 
pattern. 

Arrays  consisting  of  ridge  waveguide  lasers, 
channeled  substrate  planar  (CSP)  structures, 
v-channeled  substrate  inner  stripe  (VSIS)  la¬ 
sers  are  also  considered.  They  are  shown  in 
cross-section  in  Fig.  1.  In  each  array  case, 
the  layer  thickness  t  is  a  key  parameter  which 
determines  the  lateral  optical  confinement  for 
a  given  set  of  structural  parameters. 

Calculations  were  made  with  y-0.40,  x-0.05 

(n  =  0.84  pm),  d  =  0.1  pm.  The  real  values  of 

the  refractive  indices  are  n  -  3.641  in  the  ac¬ 

tive  layer  (without  pumping),  n  *  3.343  in  the 
cladding  layers,  n  -  3.630  in  the  GaAs  layers. 

Internal  loss  are  taken  as  a  «  10  cm'l  in  the 

cladding  layers,  a  -  8000  cm'*  in  the  GaAs  los¬ 
sy  layer.  Gain  in  the  active  layer  is  adjusted 
until  the  array  modal  gain  reaches  50  cm~l. 
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FIGURE  1 

Schematic  diagram  of  phase-locked  arrays  compo¬ 
sed  of  (a)  CSP  structures,  (b)  VSIS  lasers, 
(c)  ridge  waveguide  lasers. 

10-emitters  arrays  with  stripe  width  V*2  pm 
and  separation  S  •  1  pm  are  analyzed.  The 

thickness  t  is  determined  so  that  such  arrays 
favour  the  fundamental  supermode  over  the  anti¬ 
phase  supermode  (Kj  <  0).  The  corresponding  la¬ 
teral  optical  confinement  of  the  individual  la¬ 
ser  is  shown  in  Fig.  2.  It  can  be  seen  that 
:he  index-guiding  of  the  VSIS  array  is  quite 
poor  leading  to  lateral  mode  instabilities  and 
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Lateral  optical  confinement  of  individual  la¬ 
ser  versus  layer  thickness  t  for  the  case  of 
CSP,  VSXS  and  ridge  arrays  operating  in  the 
fundamental  supermode. 


FIGURE  3 

Amplitude  of  the  imaginary  part  of  the  coupling 
coefficient  versus  layer  thickness  t  for  the 
case  of  CSP  and  ridge  arrays  operating  in  the 
fundamental  supermode. 

similar  properties  to  that  of  a  broad-area  de¬ 
vice.  Ridge  and  CSP  arrays  provide  stronger  op¬ 
tical  confinement.  The  amplitude  of  the  imagi¬ 
nary  part  of  the  coupling  coefficient,  shown 
in  Fig.  3,  indicates  that  both  structures  may 
achieve  modal  gain  discrimination  by  choosing 
the  layer  thickness  in  a  very  narrow  range  of 
values,  with  slightly  better  potential  in  the 
case  of  the  CSP  array.  Note  that  the  maximum 


Amplitude  of  the  imaginary  part  of  the  coupling 
coefficient  versus  layer  thickness  t  for  CSP 
arrays  with  different  compositions  of  the  clad¬ 
ding  layers. 


Amplitude  of  the  imaginary  part  of  the  coupling 
coefficient  versus  layer  thickness  t  for  CSP 
arrays  with  different  stripe  and  interstripe 
widths. 


of  a  minimum  lateral  optical  confinement  of  the 
individual  laser  which  has  been  taken  equal  to 
10~3.  CSP  arrays  have  an  additional  advantage 
over  the  ridge  structure  since  stable  wavegui- 
ding  mechanisms  are  maintained  when  the  pumping 
current  is  increased. 

Other  design  constraints  can  be  imposed  by 
fabrication  limits  such  as  composition  and  do¬ 
ping  material  uniformity,  or  variation  in  the 


value  of  IK1I  -and  therefore  the  maximum  modal  layer  thicknesses.  Fig.  4  gives  the  available 

gain  discrimination-  is  limited  by  a  constraint  range  of  the  layer  thickness  t  of  the  CSP  ar- 
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rays  when  the  composition  of  the  cladding  layer 
is  modified.  Fig.  5  shows  that  close  spacings 
and  narrow  stripes  are  required  to  achieve  fun¬ 
damental  mode  oscillation.  These  calculations 

are  consistent  with  published  experimental  re¬ 
sults. 

4.  CONCLUSION 

A  coupled-mode  analysis  applied  to  typical 
arrays,  indicates  that  fundamental  supermode 
operation  can  be  provided  by  a  careful  choice 
of  structural  parameters.  Good  modal  discrimi¬ 
nation  between  the  fundamental  and  highest-or- 
der  supermode  is  found  for  CSP  arrays.  Moreo¬ 
ver  mode  stability  is  achieved  by  these  struc¬ 
tures  because  they  little  suffer  from  the  im¬ 
portance  of  the  effects  of  carrier-induced  die¬ 
lectric  constant  changes.  However  the  main  pro¬ 
blem  to  be  solved  remains  the  homogeneity  of 
the  wafer  and  the  limits  of  the  fabrication  in 
order  to  insure  uniform  growth  with  well  con¬ 
trolled  parameters. 
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REDUCTION  OP  LOSSES  III  GAIN-GUIDED 
STRIPS  LASERS 


J.  Gtrntr  and  W.  Schairar 
TELEFUNKEN  electronic 
D-7100  Heilbronn 

INTRODUCTION 

Coherently  coupled  laser  arrays 
have  found  rapidly  increasing  interest 
during  recent  years.  One  reason  for 
this  is  their  capability  of  very  high 
output  power. 

Because  of  their  dramatically  re¬ 
duced  losses  compared  with  single 
stripe  lasers,  laser  arrays  resemi 
in  some  respect  broad  area  stripe  la¬ 
sers  and  therefore  can  be  simpler 
treated  theoretically  than  narrow 
single  stripe  lasers.  Thus  the  quality 
of  the  epitaxial  process  can  be  more 
directly  judged  from  the  analysis  of 
arrays  than  of  single  stripe  lasers. 

On  the  other  hand,  there  is  usually  a 
wealth  of  empirical  data  connecting 
the  quality  of  the  epitaxy  with  the 
properties  of  single  stripe  lasers. 

We  deemed  it  therefore  useful  to 
compare  the  properties  of  arrays  with 
those  of  single  stripe  lasers,  which 
have  been  prepared  on  the  same  wafer 
and  therefore  have  the  same  epitaxial 
structure,  saw  the  same  wafer  pro¬ 
cesses  and  have  the  same  mirror  qua¬ 
lity. 

EXPERIMENTAL 

The  epitaxial  layers  have  been  pre¬ 
pared  by  liquid  phase  epitaxy.  Three 
layers  form  a  double  hetero  structure 
(DH)  and  a  p-type  Gafts  top  layer  is 
used  as  a  contact  layer  as  shown  in 
detail  in  Fig .  1  . 


LASER  ARRAYS  COMPARED  MITH  SINGLE 


Oxide  stripe  lasers  are  prepared 
using  a  very  shallow  Zn-diffusion  to 
facilitate  the  formation  of  low  re¬ 
sistivity  stripe  contacts.  Contact  me¬ 
tallizations  are  Ti/Pt/ftu  on  the  p- 
side  and  Ni/Au :Ge/Ni/Au  on  the  n-side. 
On  each  wafer  one,  five  and  ten  stripe 
lasers  are  fabricated  and  the  pitch  of 
the  stripes  is  varied  between  S,  6,  9 
and  12  pm.  The  processed  wafers  are 
cleaved  into  bars,  usually  250  pm 
long . 

RESULTS 

Experimental  results  obtained  from 
these  GaAlfts  multi  and  single  stripe 
DH-lasers  are  summarized  in  the  Table. 
The  data  collected  refer  to  unpassi- 
vated  laser  chips.  An  assymmetric 
AljOj  passivation  would  increase  the 
differential  efficiency  ^  bY  about  a 
factor  1.6.  It  is  important  to  notice 
that  the  scatter  of  the  measured  data 
is  quite  low  on  each  single  wafer,  but 
also  between  wafers.  E.g.  typical  va¬ 
riations  in  threshold  current  t .  and 

th 

differential  efficiency  ^  are  only 
+  5  %.  This  is  also  true  for  the  emis¬ 
sion  wavelength  shift  aa  between  single 
and  multi  'stripe  lasers,  the  scatter 
in  the  emission  wavelength  A,  however, 
is  much  lower. 

The  threchold  current  density  Ith 
for  the  single  stripe  laser  has  been 
corrected  by  the  subtraction  of  that 
part  of  the  current  which  diffuses  in 
the  active  layer  in  lateral  direction 
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and  ia  lost  for  the  pumping  of  tha  ac¬ 
tive  strips  region. 

In  the  calculation  of  the  nominal 

threshold  currant  density  J  the  af - 

non 

ficiency  of  the  stimulated  emission  has 

been  assumed  as  0.7.  Similar  values 

have  been  obtained  experimentally!  but 

are  also  reported  in  the  literature  /I/. 

The  calculated  differential  efficiency 

■J^caic'  tl>e  threshold  current  density 

J  ,  and  the  wavelength  shift  AX 
calc  calc 

are,  however,  not  very  sensitive  to  ths 
choice  of  ^tim. 

The  nominal  threshold  currant  densi¬ 
ty  can  now  be  used  within  Stern's  model 
/2/  to  calculate  the  maximum  gain  g 

max 

and  the  wavelength  shift.  The  agreement 

between  experimental  and  theoretical 

results  is  surprisingly  good. 

A  test  of  the  general  consistency  of 

the  data  can  be  performed  by  using  g  , 

max 

which  has  been  obtained  within  Stern's 
model,  to  calculate  the  internal  loss 
ag .  The  loss  in  turn  may  be  used  to  cal¬ 
culate  threshold  current  density  J 

calc 

and  differential  efficiency,  *calc  ao- 
cording  to  the  formulas 


rived  from  this  generally  consistent 
picture : 

(1)  The  properties  of  the  laser  ar¬ 
rays  are  determined  by  the  qua¬ 
lity  of  the  epitaxial  process 
and  not  deteriorated  by  an  un¬ 
sufficient  accuracy  of  the  re¬ 
alization  of  the  array  struc¬ 
ture  . 

(2)  The  low  threshold  current  densi¬ 
ty  obtained  for  arrays  proves 
that  the  threshold  current  den¬ 
sity  of  narrow  stripe  lasers  is 
as  low  as  can  be  expected  for 
this  type  of  structure. 

(3)  The  quantitative  understanding 
of  the  wavelength  shift  results 
in  a  design  rule  connecting  the 
A1  content  of  growth  melts  with 
the  emission  wavelength. 

Die  diesem  Bericht  zugrundeliegenden 
Arbeiten  wurden  mit  Mitteln  des  Bundes- 
ministers  far  Forschung  und  Technologie, 
FKZ  13NS399/6,  teilweise  gefSrdert.  Die 
Verantowrtung  far  den  Inhalt  liegt  je- 
doch  allein  bei  den  Autoren . 


idi:4-5"03  A' 20 -e1-1*1}  m 

1?  =  {  ^8tin/(1  +  a,L/ln  <~>>J  1  . 24/2 X  pmv  (2) 


These  calculated  results  are  also 
given  in  the  Table.  The  threshold  cur¬ 
rent  density  agrees  closely  with  the 
experimental  results  whereas  the  dif¬ 
ferential  efficiency  approaches  ths  ex¬ 
perimental  values  only  for  the  ten 
stripe  devices.  Nevertheless  we  judge 
the  overall  consistency  as  generally 
satisfactory . 

CONCLUSIONS 

The  following  conclusions  are  de- 
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Buried  heterostructures  (BH)  lasers  are  made  from  low  threshold  current  density 
(1.7  kA/cm2  at  1.5pm)  GalnAsP/InR  double  heterostucture  (DH)  grown  by  Gas 
Source  Molecular  Beam  Epitaxy  (GSMBE)  and  using  a  standard  LPE  regrowth 
fabrication  process.  Low  threshold  current  (25  mA),  high  quantum  differential 
efficiency  (43  96)  BH  lasers  emitting  at  1.5pm  have  been  obtained.  Due  to  the  very 
good  homogeneity  in  thickness  and  composition  of  the  epitaxial  layers  over  a  2" 
diameter  GSMBE  wafer,  the  dispersion  of  the  useful  laser  parameters  is  very  low 
(±  6  mA  for  threshold  current,  ±  5  96  for  differential  efficiency,  ±  3  nm  for 
wavelength).  These  lasers  exhibit  a  stable  behaviour  on  preliminary  aging  test. 


1.  INTRODUCTION 

High  quality  heterostructures  with  a  good 
homogeneity  in  thickness  and  composition  over  large 
area  are  needed  either  to  improve  the  production 
yield  of  standard  lasers  or  to  allow  the  fabrication 
of  more  advanced  devices  such  as  DFB  lasers  for 
coherent  systems,  optical  amplifiers  or  integrated 
optoelectronic  circuit.  Regarding  this  problem 
GSMBE  appears  as  a  very  suitable  technique  as  it 
will  be  shown  in  the  case  of  GalnAsP/InP  hetero¬ 
structures  for  standard  1.5pm  lasers. 

2.  GSMBE  GROWTH  OF  GalnAsP/lnP 

The  use  of  gas  sources  (AsH3,  PH3)  for  V 
elements  has  already  been  recognized  [1],[2]  to  be  a 
very  efficient  way  for  the  MBE  growth  of  uniform 
and  high  quality  GaxIni-xAsyPl-y  (y  -  2.2  x) 

layers  lattice  matched  to  InP.  For  the  heterostruc¬ 
tures  discussed  below  the  general  conditions  for 
GSMBE  growth  can  be  described  as  follows  s  arsine 
and  phosphine  are  introduced  into  the  growth 
chamber  through  a  low  pressure  PBN  cracking  cell 
heated  at  1000'C  ;  Ga  and  In  fluxes  are  provided  by 
solid  effusion  cells.  The  growth  temperature  is 
540*C.  In  these  conditions,  layers  with  a  good 
homogeneity  in  thickness  (At/t  <  ±  5%)  and  com¬ 
position  (AXg/Xg  <  10-3)  and  a  low  background 
concentration  (n  =  2.101 5cm-3)  can  be  grown  on  2" 
*  This  work  was  supported  in  part  by  EEC.  ESPRIT 


diameter  substrates  in  the  whole  composition  range 
of  the  GalnAsP  alloy.  The  low  growth  rate  (3.5  Xls) 
allows  an  accurate  control  of  the  layer  thickness. 

3.  DESIGN  AND  CHARACTERIZATION  OF  LASER 
HETEROSTRUCTURES 

Several  types  of  heterostructures  with  (SCH)  and 
without  (DH)  separate  optical  and  carrier  confine¬ 
ments  suitable  for  low  threshold  laser  operation  at 
1.3pm  and  1.5pm  have  been  designed  following  a 
previously  published  model  [3],  grown  in  the 
conditions  described  above,  and  characterized  by 
photoluminescence,  capacitance  profiling  and 
measurements  on  broad  area  laser. 

3.1.  Design  of  laser  heterostructures 

Conventionnal  DH  with  a  0.15-0.2pm  thick  active 
layer  and  SCH  with  a  0.12pm  thick  active  layer 
sandwiched  between  two  0.08pm  thick  guiding  layers 
with  higher  phosphorus  content  (Xg  =  1.3pm)  have 
been  designed  and  grown  for  1.5pm  laser  emission. 
The  heterostructures  consist  of  a  four  (DH)  or  a  six 
(SCH)  layer  structure  grown  on  a  (100)  S  doped  N 
type  substrate  (n  <*  6.1018  cm-3)  with  a  2pm  thick 
Sn  doped  (n  *  1018  cm-3)  InP  buffer  layer,  the 
guiding  and  active  layers,  a  2pm  thick,  Be  doped 
(p  *  3.1017  cm-3)  InP  confinement  layer  and  a 
0.3pm  thick,  Be  doped  (p  =  4.1018  cm-3),  quater¬ 
nary  (Xg  =  1.3pm)  contact  layer.  The  thicknesses  and 
project  263  A  s  "InP  based  optoelectronics" 
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doping  level  of  the  layers  are  controlled  by  SEM 
measurement  and  capacitance  profiling.: 

3.2.  DH  characterization  by  photoluminescence 

Room  temperature  photoluminescence  (P.L) 
under  direct  excitation  (X  =  1.06pm)  of  the  active 
layer  is  used  to  check  the  quality  and  the 
homogeneity  of  the  heterostructure.  Together  with  a 
narrow  P.L  spectrum  (AE  =  55  meV),  a  low 

dispersion  (A  X  <  2  nm)  of  the  peak  wavelength  is 
observed  on  two  inches  wafers,  indicating  a  good 
compositional  homogeneity.  As  shown  on  Fig.  1,  the 
low  fluctuation  of  the  P.L  intensity  over  2"  wafers, 
which  is  typically  lower  than  10  %,  allows  to  predict 
a  low  dispersion  in  the  laser  characteristics.  A 
dispersion  of  the  mean  peak  P.L  wavelength,  from 
wafer  to  wafer,  lower  than  4  nm  is  indicative  of  the 
reproducible  control  of  the  active  layer  composition. 

3.3  Measurements  on  broad  area  lasers 

Threshold  current  density  (3th)  lower  than 
2  kA /cm2  are  reproducibly  obtained  on  400pm  long 
broad  area  lasers  issued  from  20  wafers  with  DH  or 
SCH  emitting  at  1.3pm  or  1.5pm.  As  shown  in  table 
1,  values  of  3th  of  1-7  kA/cm2  with  a  minimum  value 
of  1.5  kA/cm2  are  currently  obtained  for  1.5pm  DH 
with  a  0.15pm  thick  active  layer.  As  predicted 
theoretically  [3]  lower  3th,  mean  value  1.6  kA/cm2 
with  a  minimum  value  of  1.3  kA/cm2,  are  obtained 
for  1.5pm  SCH  with  a  0.12pm  thick  active  layer.  In 
addition  to  a  low  dispersion  of  their  threshold 
current,  the  broad  area  lasers  characteristics  (Fig.  2) 
are  reproducible  and  linear  above  threshold. 

The  external  quantum  differential  efficiency 
depends  on  the  internal  optical  losses  ;  the  typical 

Table  1  :  Threshold  current  density  and  lasing 
wavelength  for  broad  area  lasers  from  several  wafers 
with  different  active  layer  thicknesses  (d). 


N* 

Struct. 

d  (pm) 

]th 

(kA/cm2) 

X  (nm) 

2204* 

DH 

0.(7 

1.8 

t 

0.15 

1530 

♦ 

3 

3400 

DH 

0.2 

1.93 

i 

0.2 

1571 

± 

2 

3456 

DH 

0.2 

1.95 

± 

0.13 

1570 

± 

2 

3468 

DH 

0.19 

1.92 

t 

0.1 

1563 

t 

1.2 

347* 

DH 

0.2 

1.81 

t 

0.05 

1244 

t 

1 

3479 

SCH 

0.(2 

1.50 

t 

0.12 

1558 

t 

1.4 

3480 

DH 

0.(5 

1.65 

t 

0.17 

1575 

± 

2 

3491 

SCH 

0.(2 

1.70 

t 

0.12 

1561 

t 

3.5 

3492 

SCH 

0.(2 

1.58 

t 

0.14 

1568 

t 

2.2 

3512** 

DH 

0.15 

1.62 

t 

0.12 

1546 

i 

l.l 

All  the  structures  are 

grown 

in  the 

same 

Ml 

reactor  except  sample  2204. 

»*  This  sample  correspond  to  a  different  choice  for 
the  active  layer  composition. 


measured  value  n  =  34  ±  4%  for  400pm  long 

1.5pm  lasers  from  the  different  GSMBE  DH  is 
significantly  higher  than  for  LPE  DH  (n  =  25%). 

Such  a  difference  is  attributed  to  lower  optical 
scattering  losses  due  to  a  better  interface  flatness. 

The  good  reproductibiiity  (4nm)  from  run  to  run 
and  the  low  dispersion  (for  each  wafer)  of  the  lasing 
wavelength  (3nm)  can  also  be  observed  in  table  1. 

4.  BH  LASER  (X  =  1.5pm) 

4.1.  BH  fabrication 

Following  a  standard  fabrication  process  [4,5,6] 
which  involves  the  LPE  regrowth  (T  =  600°C)  of 
burying  layers,  several  GSMBE  DH  have  been  used  in 
order  to  fabricate  1.5pm  BH  lasers. 

The  good  thickness  uniformity  of  GSMBE  BH 
facilitates  (Fig.  3)  the  control  of  the  position  of  the 
neck  of  the  etched  mesa  regarding  the  active  layer 
which  determines  the  active  stripe  width  (<  2pm) 
and  the  most  important  laser  characteristics  [5]. 

4.2.  BH  characteristics 

For  each  processed  wafer,  the  L.I  characteristics 
under  pulsed  conditions  are  measured  on  50 
unseiected  250pm  long  chips  lasers.  For  all  the 
wafers  90%  of  the  lasers  have  threshold  current 
below  60  mA.  Fig.  4  shows  an  histogram  of  the 
threshold  current  for  a  typical  wafer,  with  a  35  mA 
mean  value  and  a  ±  6.5  mA  standard  deviation. 

BH  lasers  have  been  mounted  on  standard  copper 
heat  sinks,  bonded  with  In  junction  down,  for  DC 
measurements.  A  typical  L.I  DC  characteristic  linear 
up  to  four  times  the  threshold  current  (24.5  mA)  is 
shown  on  Fig.  5.  Such  a  laser  shows  a  stable 
transverse  fundamental  mode  emission  up  to 
=  15  mW  without  any  facet  coating.  Fig.  6 
illustrates  the  excellent  temperature  behaviour  of 
these  lasers  which  can  emit  up  to  3  mW  at  100“C. 
The  measured  external  quantum  efficiency  43+5% 
(L  =  250pm)  is  in  good  agreement  with  measure¬ 
ments  on  broad  area  lasers.  The  homogeneity  of  the 
active  layer  and  the  high  quality  of  the  interfaces  of 
the  GSMBE  DH  has  been  further  confirmed  from 
spectral  and  near  field  measurements.  The  spectral 
properties  of  the  BH  lasers  are  characterized  by  a 
low  dispersion  of  the  lasing  wavelength 
(eg  X  =  1528  ±  3.2nm)  and  a  reproducible  regular 
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spectrum  with  few  longitudinal  modes  and  a  red  shift 
of  the  peak  wavelength  when  the  power  is  increased 
up  to  10  mW  (Fig.  7a).  The  subthreshold  spectrum 
reveals  a  uniform  gain  profile  (Fig.  7b)  even  for 
lasers  with  a  longer  cavity  (L  =  800pm)  which  are 
usefull  for  special  devices  such  as  high  gain  TW 
amplifiers  [7]  or  narrow  linewidth  DFB  laser  [8].  The 
emitted  power  is  characterized  up  to  10  mW  by  very 
stable  and  clean  far  field  patterns  (Fig.  8)  suitable 
for  coupling  with  a  fiber  or  an  external  cavity. 

4.3  Preliminary  aging  tests 

A  hard  screening  test  performed  at  80°C  during 
72  h  at  constant  DC  current  of  150  mA  has  been 
performed  on  10  BH  lasers.  If  one  except  a  few 
number  of  lasers  showing  a  rapid  increase  of  the 
threshold  current  in  the  first  24  h,  most  (70%)  of  the 
lasers  do  not  show  any  appreciable  increase  (within 
1%)  of  the  20°C  threshold  current.  A  long  term  aging 
test  has  also  been  performed  on  a  first  group  of 
lasers  at  7  °C  at  constant  emitted  power  (5  mW). 
After  800  h  the  relative  increase  of  the  20°C 
threshold  current  is  lower  than  10%  for  70%  of  the 
samples.  These  first  results,  to  be  completed, 
indicate  that  no  special  failure  mechanism  relevant 
to  GSMBE  growth  can  be  detected. 

5.  CONCLUSION 

GSMBE  DH  wafer  have  been  used  to  fabricate  BH 
laser  using  a  conventionnal  LPE  regrowth  process. 
These  lasers  are  characterized  by  a  low  threshold 
current  (25  mA),  a  high  efficiency  (43%)  and  well 
controlled  spectrum  and  radiation  pattern.  The  low 
dispersion  of  the  laser  characteristics  specially  the 
lasing  wavelength  (AX  =  3  nm)  and  their  stable 
behaviour  during  preliminary  aging  test  indicate 
that  GSMBE  can  be  used  for  the  production  of 
standard  1.5pm  lasers.  Furthermore  the  above  quoted 
performances  make  GSMBE  very  suitable  for  the 
fabrication  of  advanced  components  and  IOEC's. 
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FIGURE  1 

Photoluminescence  intensity  mapping  of  the 
active  layer  of  a  DH  (a.u.). 


0  0.5  1  1.5 

Pulsed  current  (A) 
FIGURE  2 


Light  current  characteristic  of  9  unselected 
broad  area  lasers  issued  of  a  1.3um  DH  wafer. 


...a*.. 


FIGURE  3 

SEM  observation  of  an  InGaAsP  laser  issued 
from  a  MBE  double  heterostructure  with  LPE 
regrown  bu~ying  layers. 
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Current  (mA) 


FIGURE  4 

Histogram  of  threshold  current  of  50  BH  lasers 
from  the  same  wafer. 


FIGURE  5 

Light  and  voltage  current  characteristics  under 
DC  injection  at  20«C  of  a  L.5um  BH  laser. 


FIGURE  7 


a)  Longitudinal  mode  spectra  of  a  250pm  GSM8E/ 
LPE  BH  laser  as  a  function  of  power. 

b)  Spectral  gain  profile  of  a  800pm  GSMBE/LPE 
BH  laser  biased  under  threshold. 


FIGURE  8 


DC  characteristics  of  a  1.5pm  BH  laser  operating 
up  to  i00BC  bonded  p  side  down. 


Far  field  patterns  in  the  directions  parallel 
and  perpendicular  to  the  junction  plane  for  5 
and  10  mW  emitted  power. 
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1.  INTRODUCTION 

During  the  last  several  years,  integrated 
optics  research  has  rapidly  evolved  in  two  main 
directions.  In  the  first,  LiNb03  based  waveguides 
by  Ti  in  diffusion  were  used  to  demonstrate  various 
components  from  low  loss  high  speed  modulators 
or  matrix  switch  arrays  to  specific  chips  for  fiber 
sensors  like  the  fiber  gyroscope.  As  a  matter 
of  fact,  several  of  these  devices  become  to  be 
commercially  available  from  different  companies. 
In  the  second,  waveguides  are  fabricated  in 
semiconductor  materials  and  rapid  progresses 
in  the  growth  techniques  led  to  high  quality  devices 
in  both  GaAs  and  InP  systems  leading  to  realistic 
previsions  for  complete  monolithic  integration. 

2.  THE  STATE  OF  THE  ART 

LiNbOj  integrated  optics  is  now  investigated 
since  more  than  ten  years.  As  a  matter  of  fact, 
the  now  standard  in  diffusion  techniques  have 

been  used  for  the  first  time  in  this  class  of  material 

in  1974  (1,  2)  and  one  year  after,  the  first 

directional  coupler  in  LiNb03  was  reported  (3). 
Since  that  time  numerous  improvements  were 
achieved  resulting  in  a  mature  technology  with 
some  devices  now  on  the  market  in  small  quantities. 

The  interest  in  LiNb03  waveguides  lies 

on  the  relatively  easy  related  techi  jlogy,  their 
electrooptic  activity  and  the  excellent  properties 
of  the  fabricated  devices.  For  example,  losses 


of  the  order  of  .3  dB/cm  at  1.3  /i m  are  obtained 
by  Titanium  in  diffusion  and  command  voltages 
around  few  volts  are  common  for  the 
electrooptically  active  circuits.  One  of  the  first 
area  of  application  is  in  the  data  transmission 
systems.  In  that  field,  broadband  modulators 
are  required  and  to  achieve  moderate  driving 
voltages  together  with  the  largest  bandwidths, 
travelling  wave  type  devices  are  preferred  to 
lumped  circuits.  As  the  crystal  is  a  good  dielectric, 
the  electrodes  are  of  the  coplanar  type  leading 
to  an  interaction  between  the  optical  modes 
and  an  inhomogeneous  electric  field.  To  build 
such  modulators,  different  electrode  configurations 
can  be  used  (symmetric  or  assymetric  coplanar...) 
and  their  exact  position  with  respect  to  the 
waveguides  depends  on  the  electric  field 
component  to  be  maximized  for  the  interaction. 
For  a  directional  coupler  switch/modulator, 
the  assymetric  coplanar  configuration  is  in  general 
preferred.  To  achieve  a  characteristic  impedance 
of  50  ohms,  the  ratio  between  the  width  of  the 
narrow  section  and  the  spacing  between  the 
electrodes  should  be  around  .6  in  LiNb03.  As 
the  electrode  spacing  Is  of  the  order  of  10  microns, 
it  is  thus  necessary  to  use  thick  metallizations 
to  minimize  the  losses  of  the  electrical 
transmission  line.  Thicknesses  around  3  microns 
are  easily  obtained  by  gold  electroplating  and 
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are  commonly  used  in  high  speed  devices.  For 
a  MACH  ZEHNDER  configuration,  symetric 
transmission  lines  are  in  general  used  and  more 
than  15  Ghz  bandwidth  has  been  reported  (4). 
In  these  type  of  modulators,  the  bandwidth  is 
limited  by  the  speed  difference  between  the  optical 
and  modulating  electrical  waves.  This  phenomena 
imposes  a  trade  off  between  the  bandwidth  and 
the  driving  voltages.  To  compensate  this  velocity 
mismatch  a  periodic  interaction  can  be  used  by 
designing  suitable  electrodes  (5)  resulting  in  a 
bandpass  circuit  the  center  frequency  of  which 
can  be  choosen  by  varying  the  electrode  periodicity. 
It  has  been  shown  recently  (6,  7)  that  aperiodic 
configurations  could  be  very  attractive  as  they 
permit  very  large  bandwidths  with  long  interactions. 
Using  these  principles,  a  bandwidth  greater  than 
20  Ghz  ( ‘Hr  40  Ghz  theoretical)  has  been 
demonstrated  for  a  MACH  ZEHNDER  modulator 
(half  wave  voltage  :  1 1  V,  interaction  length  : 
10  mm)  at  1.3  microns  (8). 

Because  of  the  progresses  made  in  LiNbOj 
technology  it  is  now  possible  to  envisage  the 
fabrication  of  complex  chips  integrating  several 
optical  functions.  Althought  the  integration  level 
will  always  be  limited  by  the  finite  length  of  the 
electrooptical  devices  to  be  able  to  achieve 
reasonnable  driving  voltages  very  interesting 
results  have  been  obtained  so  far.  A  typical  example 
is  the  recently  demonstrated  (8)  optical  switching 
matrix  where  64  directional  couplers  have  been 
integrated  to  form  an  8  x  8  strictly  non  blocking 
switching  system.  Fabricated  on  a  60  mm  long 
LiNbC>3  substrate  it  was  composed  of  switches 
the  interaction  length  of  which  was  2  mm. 
Consequently,  the  driving  voltages  at  the  1,3  fim 
working  wavelength  were  of  the  order  of  30  volts. 
This  device  represents  the  highest  degree  of 
integration  realized  to  day  using  LiNbOj  technology. 

When  dealing  with  integrated  optic  chips, 
an  important  problem  is  the  fiber  to  fiber  insertion 
loss.  In  particular,  the  coupling  losses  should  be 
minimized.  As  a  matter  of  fact,  driving  voltages 
and  coupling  losses  are  not  independent  as  low 
drive  voltages  can  be  obtained  with  highly  confined 


optical  modes  while  low  coupling  losses  between 
single  mode  fibers  and  integrated  optic 
waveguides  can  be  achieved  if  the  modes  of 
the  two  optical  guides  are  well  adapted.  In 
general,  a  compromize  must  be  accepted  between 
these  two  characteristics.  One  way  to  overcome 
the  problem  is  to  be  able  to  obtain  different 
mode  sizes  in  the  "active"  and  coupling  regions. 
Recently  such  a  principle  has  been  applied  to 
MgO/Ti  diffused  LiNbC>3  waveguides  (9).  MgO/Ti 
diffusion  was  used  in  the  in  and  out  coupling 
regions  of  a  LiNb03  optical  waveguide  in  order 
to  adapt  the  single  mode  fiber  mode  to  the 
optical  waveguide  one  while  preserving  the 
confinement  parameters  in  the  electrooptic 
interaction  region.  By  this  method,  1,1  dB  total 
insertion  was  achieved  for  a  straight  phase 
modulator  compared  to  2,6  dB  for  the  same 
device  without  the  MgO  while  preserving  the 
same  command  voltage  for  the  device.  These 
results  are  very  important  as  they  indicate 
that  future  progresses  will  lead  certainly  to 
integrated  optic  devices  presenting  total  insertion 
losses  below  1  dB. 

LiNb03  technology  not  only  led  to  high 
performance  devices  but  also  to  state  of  the 
art  telecommunication  systems  demonstrations. 
As  a  typical  example  a  long  distance  system 
experiment  (1  Gbt/s  over  150  km)  (10)  employed 
a  Ti  :  LiNbC>3  waveguide  modulator.  The  field 
of  application  of  integrated  optic  technology 
is  not  limited  to  optical  communication.  As 
a  matter  of  fact,  interferometric  optical  fiber 
sensors  are  ideal  systems  to  use  the  particularities 
of  Integrated  Optic  techniques.  It  is  particularly 
true  f~*  well  known  fiber  optic  gyroscope 
where  pt<mar  techniques  not  only  lead  to  a 
size  reduction  of  the  optical  system  but  also 
to  the  possibility  of  using  "active"  components 
to  help  in  the  sensor  signal  processing.  High 
performance  compact  devices  have  been  built 
using  Ti:LINb03  waveguide  chips  (11)  gathering 
beam  splitter,  polarizer,  phase  modulators  and 
means  to  minimize  back  reflexions.  To  day, 
LiNb(>3  based  integrated  optics  is  considered 
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to  be  a  mature  technology.  However,  it  lacks  the 
possibilities  of  achieving  monolithic  integration 
of  lasers,  modulators,  detectors  and  eventually 
electronic  circuitry.  This  is  why  a  large  amount 
of  work  is  also  devoted  to  the  use  of  semiconductor 
type  substrates.  In  that  case  the  waveguides  are 
more  often  fabricated  using  epitaxy  techniques 
such  as  Molecular  8eam  Epitaxy  (MBE),  Liquid 
Phase  Epitaxy  (LPE)  or  Metal  Organic  Vapor  Phase 
Epitaxy  (MOVPE).  The  different  refractive  indices 
needed  to  achieve  waveguiding  are  in  general 
obtained  using  heterostructures  of  materials  with 
different  composition  (GaAs/GaAIAs,  InP/GalnAs 
or  GalnAsP...). 

For  many  years  the  main  drawback  for  their 
use  in  integrated  optic  devices  were  the  relatively 
high  losses  associated  with  the  resulting  waveguides. 

Recently,  decisive  progresses  were  achieved 
both  in  the  GaAs  and  InP  systems. 

Concerning  classical  semiconductor  films, 
losses  between  0,2  and  0,S  dB/cm  were  demonstrated 
in  MOCVD  grown  GaAs  single  heterostructures 
channel  guides  (12),  .  7dB/cm  in  MOCVD  grown 
GaAs  double  heterostructures  waveguides  (13) 
and  very  recently  losses  as  low  as  0,0  dB/cm  were 
reported  in  InP/InGaAsP  MOVPE  waveguides  at 
1,5  m.  These  results  are  particularly  important 
as  for  the  first  time,  the  losses  in  semiconductor 
based  optical  waveguides  are  of  the  same  order 
of  magnitude  than  with  those  obtained  in  LiNbOj. 

When  using  semiconductor  materials,  very 
particular  structures  can  be  utilized.  For  example 
one  can  employed  ultra  thin  films  forming  Multiple 
Quantum  Wells  (MQW).  In  that  way  a  specific 
refractive  index  can  be  synthetised  by  adjusting 
the  well/barrier  thickness  ratio.  Using  these 
techniques  low  loss  GaAs/GaAIAs  (MQW)  waveguides 
were  fabricated  using  MOVPE  (14)  with  values 
of  0,15  dB/cm  at  1,52  jim. 

The  same  method  can  be  employed  with  InP 
based  structures  leading  to  InGaAs/lnP  (well/barrier) 
composed  waveguides  with  losses  around  0,8  dB/cm 
at  1,52  fim  (15).  It  is  important  to  note  that,  in 
addition  to  these  new  low  loss  structures,  even 
if  the  classical  electrooptic  effect  can  be  used 


to  fabricate  modulators,  switches...  semiconductors 
offer  much  more  than  the  simple  equivalent 
of  LiNb03  circuits.  As  a  matter  of  fact,  the 
injection  or  depletion  of  carriers  in  suitably 
bialsed  diodes  could  lead  to  very  attractive  effects 
on  both  the  real  and  imaginary  part  of  the 
refractive  indices.  These  effects  could  lead  to 
electrically  active  components  with  very  short 
length  (<  1  mm)  as  was  demonstrated  (16)  in 
InGaAsP/lnP  carrier  Injection  switches  where 
less  than  100  mA  were  necessary  to  achieve 
switching  with  a  measured  cross  talk  of  -  20,5 
dB. 

In  addition  to  the  "passive"  interesting 
properties  of  MQW  to  synthetize  artificial 
refractive  Indices  their  unique  properties  due 
to  the  carrier  confinement  in  the  wells  can  be 
applied  to  realize  extremely  efficient  electrically 
controlled  devices. 

For  example,  phase  modulators  with  phase 
shifts  as  high  as  12°  deg/V.mm  has  been  reported 
in  InGaAs/lnP  waveguides  (17)  and  highly  efficient 
electroabsorption  MQW  modulators  can  be  obtained 
(18)  because  of  the  carrier  confinement  which 
leads  to  strong  excitonic  line  with  a  very  sharp 
peak  near  the  band  edge. 

As  a  final  step,  semiconductor  materials 
would  permit  complete  monolithic  optoelectronic 
integration.  As  a  matter  of  fact,  the  studies 
have  already  begun  mainly  in  the  field  of 
integrating  electronic  components  with  Lasers 
or  Photodetectors.  (For  a  review,  see  (19)).  The 
main  difficulty  is  obviously  the  technological 
compatibility  of  the  different  circuits  to  be 
Integrated.  As  a  typical  example,  the  electronic 
circuits  (like  FETs)  are  in  general  fabricated 
on  semilnsulattng  (SI)  substrates  while 
optoelectronic  components  use  currently 
conductive  ones.  It  is  then  necessary  either  to 
learn  how  to  fabricate  opto  devices  on  SI  substrates 
(leading  to  the  so  call  horizontal  structure)  or 
to  be  able  to  grow  high  quality  Insulating  layers 
on  conductive  material  (leading  to  the  so  call 
vertical  structure).  One  of  the  main  goal  in  that 
field  is  to  achieve  compact  optical  transmitters 
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or  receiver*  for  optical  telecommunications.  The 
experimental  work  has  been  mainly  concentrated 
on  GaAs  system  with  demonstrations  (among  others) 
such  as  a  transmitter  integrating  two  lasers,  two 
photodiodes  and  driving  monitoring  circuits  composed 
to  12  MESFETs  (20)  or  a  transmitter  with  4:1 
multiplexer  circuit  (21). 

In  the  InP  system,  the  realizations  are  more 
modest  but  as  an  example  a  recent  experiment 
led  to  the  interesting  integration  of  4  DFB  type 
lasers  together  with  a  carrier  injection  switch 
(22)  to  investigate  lasing,  amplification,  detection 
and  switching  on  the  same  chip. 

3.  CONCLUSION 

Since  the  beginning  of  Integrated  Optics  two 
main  paths  were  considered :  the  hybrid  and  the 
monolithic  approach. 

To  day  LiNb03  based  circuits  are  matured 
and  begin  to  be  commercially  available  in  small 
quantities  from  several  companies.  The  recent 
progresses  in  semiconductor  based  components 
will  lead  in  the  future  to  the  real  monolithic 
integration  of  optical  and  electronic  circuitry  to 
achieve  complex  OEIC  chips  suitable  for  applications 
in  fields  as  different  as  telecommunication,  optical 
sensors  and  signal  processing. 
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High-gain  invertible  double-heterostructure  bipolar  transistors  (DHBT)  aimed  at  laser  driver  applications 
have  been  fabricated  on  the  InGaAsP/InP  material  system.  Forward  surd  reverse  current  gain  evaluation 
was  supported  by  analyses  of  forward  I-V  curves  of  test-diodes  representing  the  injecting  heterojunctions 
and  a  current  blocking  InP  homojunction  diode.  The  influence  of  different  LPE  methods  (step  cooling  , 
two-phase  solution  technique)  on  the  static  performance  of  the  DHBTs  was  studied. 


1.  INTRODUCTION 

For  the  realization  of  integrated  optoelectronic 
transmitters  for  use  in  long-wavelength 
(A=1.3/1.55fim)  optical  communication  systems  the 
application  of  InP-based  bipolar  transistors  is  promi¬ 
sing  due  to  their  high  current  handling  capability  as 
well  as  their  high  switching-speed  potential.  The  em¬ 
ployment  of  invertible  double-heterojunction  bipolar 
transistors  (DEBT)  can  facilitate  the  implementation 
of  the  laser  driving  circuit  involved  which  in  a  com¬ 
monly  used  configuration  can  be  formed  by  a  differen¬ 
tial  amplifier  with  a  common-emitter  current  source. 
In  this  study  invertible  InGaAsP/InP  DHBTs  were 
characterized  with  special  emphasis  laid  on  the  dc- 
analysis  of  the  forward  and  reverse  mode  current  be¬ 
haviour. 

2.  SAMPLE  FABRICATION 

Figure  1  shows  the  structure  of  the  investigated 
DHBTs  which  were  grown  by  LPE.  The  emitter  and 
collector  layers  (InP:Sn)  were  symmetrically  doped  to 
n=3-4xl0^cm'^,  whereas  an  equal  or  lower  doping 
(Zn)  concentration  (p=2-4xl0^cm"^)  was  chosen  for 
the  quaternary  base  (0.4/rm  thick)  in  order  to  avoid 
the  risk  of  detrimental  pn-junction  displacement  due  to 
acceptor  out-diffusion.  A  deep  Zn-diffused  region  un¬ 
derneath  the  base  contact  not  only  facilitates  the  con¬ 
tacting  of  the  base,  but  more  importantly  is  to  sup¬ 


press  current  injection  into  the  extrinsic  base  in  the 
inverted  mode.  Non-alloyed  ohmic  Ti-Au  contacts  [1] 
were  applied  to  contact  the  emitter  and  collector  uti¬ 
lizing  a  via-hole-technique,  whereas  alloyed  Au/Zn  was 
used  for  the  base  contact. 


3.  RESULTS  AND  DISCUSSION 

Figure  2  shows  typical  forward  (a)  and  reverse  (b) 
common-emitter  characteristics  (note:  forward 
mode=emitter  up).  Appreciably  high  current  gain  va¬ 
lues  of  ss5000  and  ss300  (at  Ic>10mA)  were  achieved 
in  the  respective  modes  of  operation. 

To  get  a  deeper  insight  into  the  current  behaviour 
the  related  Gummel-plots  were  analyzed.  Figure  3 
depicts  the  respective  I-Vbe  curves  (Vbc=0)  for  the 


This  work  was  conducted  under  the  ESPRIT  programme  (project  263  B). 
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emitter-up  configuration  (full  lines)  and  the  inverted 
transistor  (dar'ied  lines). 


a)  forward  mode  b)  reverse  mode 

FIGURE  2 

Common-emitter  characteristics  of  DH8T  with  doping 
concentrations  of  n=4xl017cm'3  (emitter/collector) 
and  p=2xl0*'cm"3  (base). 


FIGURE  3 

Gummd-plot  of  DHBT  shown  in  figure  2. 

The  Gummel-plot  is  seen  to  be  well-behaved  in  the 
intermediate  collector  current  range  of 
«10'4A  where  the  ideality  factors  of  the  collector  cur¬ 
rent  curves  approach  nssl.3.  In  the  high  current 
regime  the  current  curves  tend  to  saturate  which  is 
well  understood  to  be  due  to  the  influence  of  the  series 
resistances  of  the  emitter  and  the  base  layer  rather 
than  to  a  drastic  increase  of  the  ideality  factor. 

At  low  currents  surprisingly  high  current  gain  va¬ 
lues  of  up  to  roughly  103  are  suggested  from  the 
measured  curves.  However,  these  values  are  consi¬ 
derably  higher  than  those  obtained  Horn  the  related 
output  characteristics  displayed  in  figure  4.  This  dis¬ 
crepancy  can  be  explained  if  a  leakage  current  is  as¬ 
sumed  to  flow  between  emitter  and  collector,  possibly 
via  an  n-type  surface  channel  across  the  edge  of  the  p- 
doped  base  layer.  This  interference  can  be  eliminated 


by  extrapolating  the  medium  range  (10'4A)  Ic-curves 
towards  the  lower  currents  resulting  in  good  agreement 
of  the  gain  values  determined  in  the  two  different 
ways.  For  the  particular  device  shown  in  figure  4  the 
gain  amounts  to  about  50  at  Ic<100nA  which  is  yet 
remarkably  high  and  compares  reasonably  well  with 
results  reported  by  Nottenburg  et  al.  for  GSMBE 
grown  step-graded  DHBTs  [2]. 


Low  current  output  characteristics  of  invertible 
DHBT. 


Such  a  gain  behaviour  which,  to  our  knowledge, 
has  not  been  observed  in  GaAlAs  HBTs  render  these 
transistors  attractive  also  for  use  in  optoelectronic  re¬ 
ceivers. 

Another  note-worthy  feature  is  the  good  symmetry 
of  forward  and  reverse  gain  in  the  low  current  regime 
which  is  in  contrast  to  the  behaviour  at  high  currents. 
This  is  illustrated  in  figure  5  which  shows  the  common- 


FIGURE  5 

DHBT  output  characteristics  at_higlL  collector  currents 
(doping  concentrations  =  3xl017cm'3  for  emitter,  base 
ana  collector). 
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emitter  characteristics  of  a  DHBT  (with  slightly  diffe¬ 
rent  doping  concentrations)  for  either  operating  mode 
in  the  mA-collector  current  range.  The  output  charac¬ 
teristics  exhibit  a  satisfactory  saturation  behaviour  in 
both  operating  modes.  The  current  level  of  some  50mA 
will  be  adequate  for  laser  drive  applications.  Current 
gain  values  can  be  seen  to  be  ss600  and  «60  in  the 
forward  and  the  inverted  mode,  respectively,  giving  a 
forward-to-reverse  gain  ratio  of  one  order  of  magni¬ 
tude. 

To  analyze  this  discrepancy  the  electrical  proper¬ 
ties  of  the  different  diodes  incorporated  in  the  DHBT 
were  characterized  in  more  detail  utilizing  large-area 
test-diodes  to  represent  the  heterojunctions  and  the 
diffused  homojunction  diode.  Figure  6  shows  the  ave¬ 
rage  forward  I-V  curves  for  the  lower  (i.e. 
base/collector)  heterodiode  and  the  diffused  homodiode 
taken  from  a  lot  of  some  10  samples  each. 
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FIGURE  6 

Forward  current  I-V  curves  of  large-area  test-diodes  as 
shown  in  the  inset.  In  case  of  the  heterodiodes  step 
cooling  LPE  as  well  as  the  "two-phase-solution”  tech¬ 
nique  were  employed  for  the  growth  of  the  quaternary 
layer  for  comparison. 

Using  modelling  parameters  derived  from  these  I-V 
curves  (see  table  1)  and  taking  into  account  the  lateral 
base  resistance  the  effect  of  current  injection  into  the 
extrinsic  base  region  on  the  current  gain  was  calcu¬ 


lated.  As  a  result  it  can  be  concluded  that  in  the  cur¬ 
rent  range  of  interest  (<100mA)  this  parasitic  current 
is  sufficiently  suppressed  so  as  not  to  affect  the  current 
gain  significantly. 


FIGURE  7 

Forward  current  I-V  curves  of  individual  emitter  and 
collector  diodes  of  DHBT  presented  in  figure  5. 

As  a  further  cause  for  the  high-current  gain 
asymmetry,  it  was  suspected  that  both  hetero¬ 
junctions  of  the  DHBT  exhibit  different  carrier  injec¬ 
tion  properties  at  higher  current  levels.  Such  differen¬ 
ces  should  be  reflected  in  the  forward  current/ voltage 
characteristics  of  f.he  individual  emitter/base  and 
base/collector  diodes.  Respective  I-V  curves, 
measured  on  the  particular  transistor  presented  in 
figure  5,  are  plotted  in  figure  7.  The  curves  can  be  seen 
to  almost  completely  coincide  over  nearly  10  decades 
of  current  proving  equivalent  saturation  currents  and 
ideality  factors.  Hence,  these  measurements  actually 
do  not  indicate  the  presumed  difference  in  the 
injection  behaviour  leaving  the  above  problem 
unsolved.  However,  the  coincidence  of  the  current 
curves  again  confirms  the  effectiveness  of  the  InP 
homojunction  diode  to  prevent  parasitic  base  current 
flow. 

Moreover,  test-diodes  and  DHBTs  were  made  the 
quaternary  layers  (base)  of  which  were  grown  by  the 
"two-phase-solution”  instead  of  the  "step  cooling”-LPE 
technique  in  order  to  study  the  effect  on  current  gain. 
The  forward  I-V  curve  of  the  test  structure  is  also 


Table  1 


Ideality  factors  and  saturation  currents  of  diffused  InP 
homojunction  and  heterojunction  diodes  grown  by  dif¬ 
ferent  LPB  techniques  (test-diodes) 
(Q:InGaAsP(1.3pm)). 


test  sample 

p  doping 
[cm'3  ] 

n  doping 
[cm-3  ] 

low  current 
Js[  A/cn?  ) 

high  current 
Js[a/ci»^  ] 

low  current 

ideality  fac. 

high  current 

ideality  fac. 

diffused  InP 
homo junction  dioc 

B  p* 

2.5*1Q17 

4.4*10'8 

IQ'6 

2.02 

2.43 

lower  heterodiode 
p-Q/n-InP 
(Q-layer:  step 
cooling  LPE) 

1.5M017 

4*1017 

8.8*10-7 

3.2*10~8 

2.05 

1.64 

lower  heterodiode 
p-Q/n-InP 
(Q-layer:  "two- 
phase-solution" 
LPE) 

2.4*1017 

4«1017 

1 .5*1Q'7 

7.7*10'7 

2.38 

1.87 

depicted  in  figure  6  indicating  higher  saturation  cur¬ 
rents  and  higher  ideality  factors  as  compared  to  diodes 
grown  by  "step  cooling"  LPE.  These  measurements 
suggest  inferior  gain  properties  which  were  prelimina¬ 
rily  verified  by  the  gain  figures  of  "two-phase-solution” 
DHBTs  being  typically  lower  by  roughly  one  order  of 
magnitude.  However,  this  might  also  be  due  to  an 
additional  reduction  of  the  base  transport  factor. 

4.  CONCLUSIONS 

High  gain  invertible  double-heterojunction  bipolar 
transistors  have  been  fabricated  analyzed.  Step 
cooling  LPE  proved  to  be  an  easy  method  to  obtain 
transistors  with  sufficiently  symmetric  operation  which 
will  greatly  simplify  further  integration  of  a  laser  driver 
circuit. 
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We  report  the  results  of  an  experimental  study  on  a  GaAs/AlGaAs  double 
heterojunction  bipolar  transistor  structure  which  can  be  integrated  with  fast 
optical  detectors.  Results  are  presented  showing  that  the  structure  can  be 
fabricated  into  transistors  with  fcs  over  100  GHz,  and  that  the  photodetecting 
structure  has  a  good  sensitivity  with  an  incident  wavelength  of  830  nm. 


1. INTRODUCTION 

Heterojunction  bipolar  transistors  are  recognised  as 
devices  suitable  for  the  very  highest  speeds.  In 
communications  they  will  be  used  at  the  opto-electronic 
interface  in  fibre  optic  systems  where  the  data  rate  is 
extremely  high.  In  logic  applications  they  will  be  used 
in  specialised  circuits  requiring  the  highest  possible  clock 
rate.  We  have  been  studying  a  structure  which  allows 
optical  waveguides  to  be  integrated  with  heterojunction 
bipolar  transistor  ics.  Such  circuits  will  be  useful  for 
both  communications  and  logic  applications;  in  the  latter 
an  optically  propagated  clock  signal  would  give  a  very 
fast  rise  time  and  a  high  degree  of  synchronism. 


|  p+iN  Detector  I  E(  '  ’  c  Gote  I 


B  =  Bose  i  =  Intrinsic  Region 


FIGURE  1 

The  proposed  Integrated  photo transistor  and 
waveguide  structure. 


The  structure  that  is  the  subject  of  this  study  is 
shown  in  Figure  1.  The  optical  waveguide  at  the  top 
left  of  the  diagram  consists  of  AlGaAs  grown  epitaxially 
onto  CajjSr^^Fj.  The  composition  of  the  CaySr,.^^ 
can  be  chosen  so  that  it  lattice  matches  the  underlying 
GaAs.  The  light  is  diverted  into  the  p+iN  photodetector 
using  an  angled  edge  as  a  mirror  or  by  a  grating 
structure.  The  photo-detector,  which  is  the  lower 
structure  on  the  left  of  the  diagram,  is  a  GaAs/ AlGaAs 
p+iN  photodiode.  Contact  to  the  top  n-type  layer  can 
be  via  metallisation  at  the  side  of  the  waveguide  normal 
to  the  plane  of  the  paper.  Contact  to  the  p+  layer  is 
achieved  using  ion-implantation  of  a  suitable  dopant,  e.g. 
Be,  Mg.  Isolation  •  is  by  ion  implantation  of  protons. 
The  logic  gate,  which  is  the  structure  in  the  centre  and 
the  right  of  the  diagram,  is  an  ECL  gate  which  has  two 
collector  up  switching  transistors  fed  by  an  emitter  up 
current  source  transistor.  The  intrinsic  region  of  the 
p+iN  detector  forms  part  of  the  collector/base  junction 
of  the  collector  up  transistors.  The  presence  of  this 
region  increases  the  transit  time  of  electrons  across  the 
depletion  region,  but  as  shown  later,  does  not  necessarily 
decrease  the  ft  of  the  transistor  since  there  is  a  related 
decrease  in  the  collector  capacitance.  The  intrinsic 
region  in  the  base/emitter  junction  of  the  emitter  up 
transistor  will  reduce  the  injection  efficiency  since  more 
recombination  will  occur  in  the  depletion  region. 
Contact  to  the  lower  layers  is  not  necessary  because  of 
the  logic  family  chosen.  Ion  implantation  is  used  for 
both  isolation  and  the  base  contacts.  Kroemer  [1]  has 
proposed,  as  an  electronic  logic  gate,  a  related  structure 
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without  an  intrinsic  layer.  The  transistor  structure 
includes  a  p+iN  optical  detector,  though  we  do  not 
expect  it  to  be  used  as  a  conventional  photo-transistor 
since  p+iN  diode  detectors  have  faster  response  speeds 
than  phototransistors.  In  addition,  extra  layers  of 
AlGaAs  can  be  grown  to  act  as  light  emitting  diodes, 
though  this  is  not  shown  on  the  diagram. 

2.  EXPERIMENTAL 

As  a  preliminary  investigation  into  the  above 
structure  we  have  grown,  fabricated  and  tested  the 
structures  shown  in  Table  1.  These  layers  were  grown 
by  MBE  on  SI  substrates,  the  order  of  growth  was  that 
shown  in  the  table.  Although  the  structures  are 
designed  to  be  fabricated  using  ion-implantation  to 
contact  the  base  and  isolate  the  devices,  the  results 
presented  have  been  obtained  using  mesa  etching  for 
these  tasks. 

A  mask  set  giving  11  different  geometries,  ail 
rectangular  in  shape  has  been  employed  which  allows  us 
to  determine  geometry  dependent  parameters.  A  section 
of  the  mask  is  shown  in  Figure  2.  We  have  measured 
the  optical  and  electrical  DC  characteristics  of  these 
devices  including  the  measurement  of  the  photo-current 
as  a  function  of  the  wavelength  of  the  incident  light. 
The  light  was  shone  onto  the  devices  through  the  optics 
of  the  probing  station  which  was  fed  via  an  optical  fibre 
with  the  output  of  a  monochromator. 


FIGURE  2 

A  section  of  the  mask  set  showing  two 
different  geometries. 


3.  RESULTS 

The  transistors  were  contacted  using  Au/AuGe 
evaporated  onto  n-type  GaAs  and  Au/Zn/Au  evaporated 
onto  p-type  GaAs.  Typical  values  for  the  specific 
resistance  of  these  contacts  were  found  to  be 
4  x  l<r«n  cm1  and  4  x  10"af)  cm2  respectively.  The 
transistors  exhibited  good  Ic/Vce  transfer  characteristics 
with  current  gains  around  unity.  These  gains  are  low 
because  the  device  geometry  is  such  that  up  to  half  the 
emitter  current  is  injected  directly  under  the  base 
contact.  The  gains  are  expected  to  rise  when  ion 
implantation  is  used  to  equalise  the  active  emitter  and 
collector  areas  [2]. 

For  a  device  with  a  collector  area  of  0.11  mm2  and 
emitter  area  of  0.19  mm2  the  measured  base,  emitter 
and  collector  resistances  were  370  Cl,  70  (1  and  330  (1 
respectively.  The  emitter/base  junction  capacitance, 
measured  at  1  volt  forward  bias,  was  470  pF,  while  for 
a  3000  A  intrinsic  region  in  the  collector  base  junction 
the  capacitance  was  55  pF  at  -1  V  reverse  bias.  The 
collector  capacitance  varied  very  little  with  reverse  bias 
because  of  the  presence  of  the  intrinsic  layer.  The 
reverse  biased  saturation  current  of  the  collector/base 
junction  was  less  than  10”  9  Amps  up  to  breakdown  at 
-16  volts. 

A  measure  of  the  performance  of  a  transistor  is 
given  by  its  ft  which  can  be  calculated  using  the 

equation: 

W2  X 

ITT  "  reCTE  +  +  5vT  +  (re+RE+RC)CTC 

v  D  &L 

where  r#  -  e.c.  resistance  of  the 

emitter/base  Junction 
R£,  Rc  -  emitter  and  collector 

resistance 

Gf£  -  emitter/base  Junction 

capacitance 

Cfc  -  collector/base  Junction 

capacitance 
»b  -  base  width 

Db  -  diffusion  co-efficient  of 

electrons  in  the  base 
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xd  -  col lector/base  Junction 

depict ion  width 

VSL  “  saturation  velocity  of 

electrons  in  collector/ 
base  junction 

The  last  two  terms  in  eqn  1  are  dependent  upon  the 
intrinsic  layer  thickness.  Increasing  the  Intrinsic  layer 
thickness  increases  the  third  term  which  represents  the 
electron  transit  time  across  the  base/collector  depletion 
region  but  reduces  the  last  term  which  represents  the 
base/collector  capacitance  charging  time  by  reducing  the 
capacitance. 


material 

TYPE 

DOPING 

THICKNESS 

GaAs 

n+ 

lei 8  /cc 

3500  A 

GoAJAs 

N 

5e17  /cc 

1500  A 

GaAs 

P  + 

1e19  /cc 

750  A 

GaAs 

n 

undoped 

2000  A 

GoAIAs 

N 

5e17  /cc 

1500  A 

GaAs 

n  + 

lei 8  /cc 

200  A 

Table  1  A  list  of  the  layers  grown  on  S  I.  substrates 

We  have  used  the  above  measured  values,  together 
with  previously  reported  specific  contact  resistances  of 

1  x  10-6  and  5  x  10-7  0  cm3  for  n  and  p  type 

contacts  [3],  to  calculate  parameters  for  a  2  x  20  pm 
transistor  fabricated  with  1  pm  line  widths  and  ion 

implantation  for  base  contacts.  We  find  that  the  scaled 
parameters  are:  Rj,  =  97  fl,  Rg  =  20  f),  Rq  =  5  0, 

Cjq  =  12.2  fF  for  a  3000  A  intrinsic  layer,  and  Oj-g  = 

84  fF.  Figure  3  shows  a  plot  of  ft  versus  depletion 
layer  thickness  obtained  for  a  current  density  of 

5  x  10 3  A  cm-3  and  a  saturated  velocity  of 

2  x  107cm-'.  This  value  of  the  saturated  velocity  may 

be  lower  than  that  achieved  in  practice  because  of 

ballistic  transport  across  the  thin  intrinsic  region.  The 
value  of  ft  has  a  maximum  of  107  GHz  at  an  intrinsic 
region  width  of  2000  A.  This  calculation  shows  that  the 
inclusion  of  the  intrinsic  region  can  improve  the 
performance  of  the  device.  This  effect  was  first 

demonstrated  by  Early  [4]  in  1952.  The  value  of  the 
intrinsic  region  thickness  for  the  maximum  ft  is 

dependent  upon  the  structure  used.  If  the  values  of 
R&.  Rc>  re  and  CTC  are  incuMd  the  intrinsic  region 


thickness  to  give  the  maximum  f|  is  also  increased. 


500  1000  1500  2000  2500  3000 

Intrinsic  loyer  thickness.  A 

FIGURE  3 

A  plot  of  ft  against  layer  thickness 

Measurements  of  photo-sensitivity  have  been  made 
on  three  different  structures.  Figure  4  shows  the  optical 
response,  which  is  proportional  to  AW-'  for  a  given 
device  geometry,  plotted  against  the  wavelength  of 
incident  light.  The  devices  corresponding  to  curves  1 
and  3  have  larger  areas  than  that  of  curve  4  which  in 
turn  has  a  larger  area  than  those  of  curves  2  and  5. 
The  sensitivity  curves  reflect  these  different  areas.  As 
the  energy  of  the  incident  light  is  increased  a  significant 
photo-current  occurs  just  before  the  band  edge  of  the 
intrinsic  GaAs.  This  may  be  accounted  for  by  the 
bandwidth  of  the  incident  light,  which  we  estimated  to 
be  approximately  2C;  nm.  At  a  wavelength  of  830  nm 
the  sensitivity  for  an  intrinisic  region  thickness  of 
2000  A  is  94%  that  of  a  3000  A  thickness  and  the 
sensitivity  for  a  thickness  of  1000  A  is  only  73%  of  the 
3000  A  thick  intrinsic  region.  This  can  be  explained  by 
the  exponential  manner  in  which  the  light  is  absorbed  in 
the  intrinsic  region.  Thus  a  2000  A  layer  thickness 
gives  a  good  optical  sensitivity  and,  as  seen  earlier  for 
the  scaled  device  geometry,  gives  a  maximum  value  for 
the  ft.  The  sensitivity  increases  past  the  energies  of  the 
bandgap  of  the  AlGaAs,  we  believe  that  this  is  due  to  a 
current  of  holes  generated  with  the  AlGaAs  collector 
diffusing  to  the  intrinsic  region  and  being  swept  across 
by  the  electric  field.  This  wavelength  region  is  not 
suitable  for  device  operation  because  the  response  speed 
would  be  slower  than  at  longer  wavelengths  where  drift 
currents  dominate. 


Photo-sensitivity 
proportional  to  A/W 


Wavelength  ,  nM 


FIGURE  4 

A  plot  of  photo-sensitivity  which  is 
proportional  to  A/W  against  the  wavelength  of 
incident  light  for  different  structures.  The 
device  represented  by  curve  1  has  10%  A1  in 
the  collector  and  an  intrinsic  region  of 
3000A,  the  device  represented  by  curve  2  has 
again  10%  A1  and  an  intrinsic  region  of  2000A, 
while  curves  3,  4,  5,  represent  devices  with 
15%  Al  and  an  intrinsic  region  of  1000A,  but 
with  the  area  of  the  devices  decreasing 
respectively.  Each  curve  has  been  normalized 
by  the  effective  area  of  the  device. 

4.  CONCLUSION 

We  have  proposed  a  structure  which  combines  optical 
waveguides,  optical  detectors  and  fast  switching 
transistors,  where  the  base  collector  junction  of  the 
transistor  acts  as  a  p^iN  photodetector.  The  devices  we 
have  grown  and  fabricated  show  good  dc  transistor 
characteristics.  Using  the  measured  electrical  parameters 
of  the  device  we  have  shown  that  a  device  with 


2  x  20  pm  geometry  will  have  a  maximum  ft  of 

107  GHz  with  an  intrinsic  region  width  of  2000  A.  The 
sensitivity  of  the  p+iN  photo-detector  for  2000  A 

intrinsic  layer  was  94%  that  of  a  3000  A  layer  at  a 

wavelength  of  830  nm.  Thus  the  structure  with  a 

2000  A  thick  intrinsic  region  can  act  as  an  optimised 
fast  transistor  and  a  sensitive  fast  optical  detector.  The 
optimum  value  for  the  intrinsic  layer  thickness  is 
determined  by  the  device  structure  and  the  wavelength  of 
the  light  to  be  used.  This  technology  can  be  applied  to 
other  material  systems,  such  as  GalnAs/InP  structures  for 
long  wavelength  applications. 
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ABSTRACT  :  Field  Effect  Transistors  have  been  fabricated  on  AlInAs/GalnAs/InP 
heterostructures  grown  by  molecular  beam  epitaxy  (M8E).  Very  low  gate  leakage 
currents  (20  nA  at  -  5  V  gate  bias)  were  obtained  together  with  transconductances 
of  90-100  nS/pm  on  devices  with  a  3  |ji  gate  length.  High  frequency  measurements 
were  performed  showing  a  cutoff  frequency  for  the  maximum  available  gain  of 
20  GHz.  These  characteristics  make  this  type  of  FET  very  promising  for  microwave 
and  Integrated  optoelectronics  applications  such  as  large  bandwidth  photorecei¬ 
vers. 

1.  INTRODUCTION  2.  SCHOTTKY  GATE  FET  FABRICATION 

Optoelectronic  integration  on  InP  subs-  The  FET  multilayer  structure,  grown  by  WE  on 

trates  for  the  1.3  -  1.6  ^m  wavelength  range  Fe  doped,  semi -insulating  InP  substrate,  is 

is  expected  to  lead  to  large  bandwidth,  high  the  following  (see  fig.  1)  : 

performance,  compact  circuits  with  good  repro¬ 
ducibility.  Considerable  effort  has  been  devo-  -0.3  jjn  A1  Gain  As  buffer  layer, 

ted  worldwide,  to  the  development  of  a  GalnAs  -0.3  (jn  Si-doped,  n-type  GalnAs  channel  layer, 

FET  technology  In  order  to  take  advantage  of  -0.2  undoped  AlInAs  barrier  layer, 

its  high  channel  velocity  (2-3. 107  cm/s). 

Presently  various  structures  have  been  inves-  Hall  test  patterns  Included  in  the  set  of 

tlgated,  including  J-FET,  MISFET  and  MESFET  masks  used  for  the  transistors  processing 

(Schottky  gate  FET).  allow  measurement  of  the  channel  doping  level 

(3.3  x  10*«  cm-3)  and  Hall  mobility  (9200 
The  last  one  seems  very  promising  [1]  :  it  cm2/Vs  at  300  K).  Such  a  high  mobility  could 

Is  not  prone  to  current  drift  phenomena  (as  not  be  achieved  without  the  A1 GalnAs  buffer 

MISFET)  and  very  short  gates  can  be  easily  layer.  This  high  mobility  demonstrates  the 

achieved.  In  this  paper,  the  realization  and  9°od  quality  of  the' WE  material.  The  resul- 

characterization  of  both  Schottky  diodes  and  ting  channel  sheet  resistance  is  about 

high  transconductance  MESFETs  (about  100  mS/mm  700  q/q  . 

for  Lg  *  3  |jm) ,  using  the  A1  InAs/GalnAs 

system,  are  reported.  A  cross  sectionnal  view  of  the  transistor 

is  shown  on  figure  1.  The  devices  are  first 
The  behaviour  of  such  heteroj unction-based  mesa  Isolated  with  a  H3P04  :  H202  :  H20  etch 

devices  Is  strongly  dependent  on  the  material  down  to  the  Sl-InP  substrate.  A  recess  Is  then 

quality.  Several  advantages  such  as  :  unifor-  patterned  into  the  AlInAs  layer  in  order  to 

mlty  of  doping  levels  and  layer  thicknesses,  evaporate  source  and  drain  ohmic  contacts.  A 

Interface  abruptness,  variable  AIGalnAs  compo-  thin  AlInAs  layer  is  left  above  the  GalnAs 

sition,  make  the  Molecular  Beam  Epitaxy  a  good  channel  in  the  source  and  drain  contact  re- 

candidate  for  this  objective.  glons.  This  is  expected  to  ease  contacting  an 
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FIGURE  1 

Schematic  cross-section  of  the  A1 InAs/GalnAs 
transistor. 


Inversion  layer  formed  at  positive  gate  bias 
at  the  GalnAs/AlInAs  Interface.  Contact  resis¬ 
tivity  of  10-5  q  cm2  have  been  measured  after 
alloying  of  the  AuGeNI  contacts.  The  last  step 
consists  In  evaporating  the  TIAu  gate  on  the 
AlInAs  layer,  preliminarily  recessed  down  to 
1000  A. 

3.  SCHOTTKY  DIODE 


much  larger  than  It  is  on  GalnAs  (0.2  eV) 
and  1$  suitable  for  a  MESFET  structure.  The 
very  low  reverse  currents  measured  are  espe¬ 
cially  Interesting  In  the  objective  of  the 
monolithic  Integration  of  a  PINFET  photorecei¬ 
ver  with  very  low  noise  level. 


FIGURE  2 

Forward  (a)  and  reverse  (a)  current  of 
3  x  300  |iRi  TIAu/Al  InAs/GalnAs  diode. 


In  order  to  obtain  a  good  barrier  height 
and  low  reverse  current,  a  wide  gap  material 
Is  required  on  top  of  the  active  InGaAs  layer: 
as  described  above,  undoped  AlInAs,  grown  at 
high  temperature,  has  been  chosen.  Forward 
and  reverse  I ( V )  characteristics  of  the 
Schottky  gate  are  presented  In  figure  2.  At 
-  5  V  gate  bias,  a  very  low  leakage  current 
close  to  10" 3  A/cm2  Is  observed. 

Measurements  of  the  temperature  dependence 
conducted  at  low  reverse  gate  voltage  corres¬ 
ponding  to  usual  transistor  operating  condi¬ 
tions,  Indicate  thit  generation-recombination 
In  the  wide  gap  material  Is  the  main  component 
of  the  Schottky  diode  reverse  current.  Because 
of  the  high  resistivity  of  the  AlInAs  layer, 
the  Ideality  factor  n  of  the  diode  could  not 
be  determined.  Nevertheless,  the  Schottky 
barrier  height  on  AlInAs,  not  well  known  at 
the  moment  but  probably  lying  between  0,58  eV 
[2]  and  0,8  eV  [3],  appears  to  be  consistently 


4.  TRANSISTOR  CHARACTERISTICS 

Typical  DC  characteristics  of  the  FETs  are 
shown  In  figure  3.  Transconductances  of  90- 
100  mS/mm  are  obtained  on  devices  with  3  ^a 
gate  length,  300  |im  gate  width,  and  a  drain  to 
source  spacing  of  5  lim.  The  saturation  drain 
current  Is  close  to  60  mA.  Characterization 
using  classical  MESFET  models  [4]  Indicates  a 
channel  sheet  resistance  within  10  t  of  the 
preliminary  Hall  measurements  together 
with  a  velocity  saturation  type  of  behaviour 
even  for  a  gate  length  larger  than  3  ^m. 
Figure  4  shows  the  FETs  transconductance  ver¬ 
sus  gate  voltage.  The  transconductance  Is 
maximum  for  a  gate  bias  very  close  to  VQ  »  0  V 
and  decreases  with  reverse  gate  bias  with  a 
standard  linear  behaviour.  For  forward  gate 
bias,  g,,,  decreases  quite  rapidly  suggesting  a 
parallel  conduction  In  the  AlInAs  barrier 
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FIGURE  3 

0C  drain  current-voltage  characteristics  of  a 
A1  InAs/GalnAs  MESFET.  Lg  -  3  pm,  Wg  -  300  pin. 


Vgs  (V) 
FIGURE  4 


Typical  gu  versus  gate  voltage  characteris¬ 
tics  (Mg  •  150  pm). 

layer  as  It  Is  observed  usually  In  TEGFETs 
[5].  Nevertheless,  the  transconductance  of 
the  AlInAs/GalnAs  ICSFETs  remains  higher  than 
ga  mx/2  over  quite  a  large  gate  voltage 
range,  typically  beetMeen  ♦  1  ¥  and  -  2  V. 

5.  HIGH  FREQUENCY  MEASUREMENTS 

After  mounting  on  alumina  substrates,  high 
frequency  measurements  have  been  performed  In 


the  1  GHz  -  18  GHz  range.  The  current  cutoff 
frequency  Is  about  10  GHz,  which  Is  In  good 
agreement  with  values  of  CGS  (~  0,5  pF)  and 
9m<~  30  mS)  measured  at  low  frequency.  Figure 
5  shows  the  variations  of  the  maximum  avai¬ 
lable  gain  (MAG)  as  computed  from  S  parame¬ 
ters.  The  slope  of  the  curve  (-  16  dB/dec.)  Is 
close  to  the  expected  -20  dB/dec,  and  a  MAG 
cutoff  frequency  of  about  20  GHz  can  be  Infe- 
red.  These  values,  obtained  for  a  gate  length 
of  3  pm,  confirm  the  attractive  potentialities 
of  the  devices  at  high  frequency. 


FIGURE  5 

Maximum  available  gain  versus  frequency  cha¬ 
racteristic. 


6.  CONCLUSION 

AlInAs/GalnAs  MESFETs  with  very  low  gate 
leakage  current,  good  transconductance  and 
high  cutoff  frequency  have  been  successfully 
fabricated.  These  characteristics  are  very 
at  sc  / .  ve  for  optoelectronics  Integrated 
clrc  ■’  such  as  PIN-FET  photoreceivers. 

Moreover,  by  reducing  the  FET  gate  length 
and  channel  sheet  resistivity  (respectively 
3  pm  and  700  o/D  presently),  higher  transcon¬ 
ductances  may  be  easily  achieved,  and  higher 
transition  frequency  obtained. 
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1.  INTRODUCTION 

High  speed  bipolar  transistors  are  characterized  by  shallow 
junctions  and  small  lateral  dimensions.  As  a  consequence  such 
devices  can  suffer  considerably  from  parasitic  effects  of  the  junc¬ 
tion  sidewalls,  especially  when  the  base-emitter  junction  is  con¬ 
sidered.  One  major  effect  is  the  direct  injection  of  base  current 
into  the  emitter  sidewall.  Hurkx  [1]  has  shown  by  2-D  device 
simulations  that  for  emitter  junction  depths  between  0. 1  and  0.3 
pm  ,  and  emitter  widths  varying  from  0.3  to  4.0  pm  ,  10  to  75  % 
of  the  base  current  may  be  injected  directly  into  the  emitter 
sidewall,  depending  on  the  ratio  between  junction  depth  and 
emitter  width.  This  effect  does  not  only  influence  the  current  gain, 
but  it  also  causes  an  important  increase  in  transistor  noise  figure. 

It  will  be  shown  that  the  transistor  noise  figure  for  the  white 
spectrum  as  calculated  by  van  der  Ziel  and  Sze  [2,3]  ,  based  on 
the  equivalent-circuit  diagram  given  in  fig.  1,  does  not  apply  to 
bipolar  devices  exhibiting  the  aforementioned  sidewall  effect.  A 
comparison  of  measurements  and  calculations  reveals  that  noise 
figure  calculations  based  on  the  commonly  used  model  as  stated 
in  fig.  1  are  too  low,  especially  at  high  current  levels.  This  effect 
also  has  its  implications  on  transistor  base  resistance  measure¬ 
ments  using  the  low  frequency  thermal-noise  method.  As  dis¬ 
cussed  by  Unwin  and  Knott  [4]  ,  this  method  has  been  found  to 
yield  accurate  results  for  values  of  the  total  base  resistance  Rb 
down  to  5  Cl  .  However,  it  will  be  shown  that  by  neglecting 
sidewall  injection  for  typical  I  IF  transistors  with  narrow  emitters, 
extremely  large  errors  in  the  calculation  of  Aj,  may  occur. 

Z  SIDEWALL  INJECTION  INTO  TOE  EMITTER 

Each  vertical  bipolar  transistor  will  show  in  some  extend 


parasitic  electrical  effects  of  the  junction  sidewalls.  In  this  section 
we  will  discuss  the  phenomenon  of  base  current  injection  into  the 
sidewall  of  the  emitter-base  junction. 

The  fraction  of  the  DC  base  current  /b  which  is  injected  into 
the  sidewall  of  the  junction  is  denoted  by  a  ,  see  fig.  2.  Theore¬ 
tically  a  depends  on  the  shape  of  the  emitter  doping  profile,  the 
bulk  and  surface  (contact)  recombination  rate  in  the  emitter,  and 
the  distance  between  emitter  contact  and  junction  sidewall  (indi¬ 
cated  by  dj  in  fig.  2),  see  also  [  1]  . 

In  practice  a  can  adequately  be  determined  by  separating  the 
bottom-  and  sidewall  components  of  the  base  current,  using  se¬ 
veral  different  emitter  geometries.  For  two  different  HF  bipolar 
processes  (process  A  and  process  B),  we  determined  the  specific 
sidewall-  and  bottom  components  of  the  ideal  base  current  by 
measuring  transistors  with  different  geometries.  From  these  spe¬ 
cific  components  it  is  possible  to  calculate  a  as  a  function  of 
emitter  width,  see  fig.  3. 

Process  A  (  xje  =  0.26  pm  ;  Xjb  =  0.44  pm  ;  Fj  =  10  GHz) 
and  process  B  (  xje  =  0.35  pm  ;  Xjb  =  0.63  pm  ;  Ft  =  7  GHz) 
do  not  only  differ  in  emitter  and  base  junction  depth  (  xje  and 
Xj|,  ),  but  process  A  also  has  a  shallow  (0. 1  pm  )  oxide  isolation 
layer  at  the  edge  of  the  e-b  junction. 

It  can  be  observed  in  fig.  3  that  process  A  shows  less  sidewall 
injection  than  process  B  as  was  expected  due  to  the  shallower 
emitter  and  the  extra  oxide  isolation  stripe  at  the  e-b  junction 
edge. 

From  Ilurkx's  calcv.’ations  [1]  it  follows  that  most  of  the 
decrease  in  a  should  be  attributed  to  the  decrease  in  emitter 
junction  depth  from  0.35  pm  to  0.26  pm  and  not  to  the  influence 
of  the  oxide  isolation  layer. 


Full  equivalent  noise  circuit  of  the  transistor  in  common  base  configuration.  T,  a,  k,  and  A  f  stand  for  device  tem¬ 
perature,  elementary  electron  charge,  Boltzmanns  constant,  and  effective  noise  bandwidth.  Source-,  emitter-,  intrinsic-, 
and  extrinsic  base  resistance  are  indicated  by  R, ,  R,  ,  Rb,nl ,  Rb  elt . 

The  transconductance  is  given  by  <7m .  For  each  resistor  R  a  thermal  noise  emf  jAkTR^f  is  present.  The  mean- 

square  value  of  the  current  generators  representing  the  base-emitter  and  base-collector  shot  noise  equals  n (Zqibf  where 
/  stands  for  the  DC  base-  or  collector  current  ^  or  /c  respectively. 
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FIGURE  2 


Schematical  cross-section  of  bipolar  npn  transistor 
showing  base  current  flow. 


3.  DERIVATION  OF  THE  NOISE  MODEL 

In  order  to  derive  a  noise  model  it  is  necessary  to  describe  first 
the  DC  behaviour  of  the  base  current. 

In  the  previous  section  a  has  been  defined  as  the  fraction  of 
DC  base  current  which  flows  directly  into  the  emitter  sidewall. 
However,  it  must  be  emphasized  that  this  concept  only  holds  for 
sufficiently  low  DC  base  current  levels.  For  higher  DC  base  cur¬ 
rents,  the  effect  of  emitter  current  crowding  may  occur  [5,6]  . 
As  a  consequence  the  fraction  of  DC  base  current  which  is  in¬ 
jected  into  the  emitter  sidewall  increases  for  increasing  base  cur¬ 
rent.  This  effect  can  adequately  be  modelled  by  defining  a  current 
depending  internal  base  resistor  t?hinl  and  splitting  up  the  e-b 
junction  diode  in  a  bottom-  and  sidewall  component,  see  fig.  4. 
The  current  dependence  of  /?h  inl  is  modelled  by  the  following 
relation  between  internal  base  current  /hbo(  and  internal  base 
voltage  drop  KMb2  : 
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Current  crowding  affects  the  noise,  behaviour  of  the  internal  base 
resistor  [7]  .  It  is  possible  to  approximate  this  phenomenon  by 
defining  an  effective  noise  temperature  for  the  internal  base.  This 
effective  temperature  depends  on  the  ratio  between  the  low  and 
high  current  differential  resistance  of  the  internal  base  region.  The 
relation  between  effective  noise  temperature  and  device  tem¬ 
perature  T  is  given  by  eq.  (2). 


'  flb.int.diff(*te*  current)  11/4 
.  *b.int.difr  (low  current) 


(2) 


done  in  such  a  way  that  for  low  currents  a  equals  the  fraction  of 
the  total  base  current  that  flows  through  the  sidewall  diode. 

Charge  modulation  of  the  internal  base  resistance  is  taken  into 
account  according  to  [8,9]  by  considering  the  ratio  of  fixed  base 
charge  and  the  total  charge  in  the  base  modulated  by  the  de¬ 
pletion  charges  and  the  injected  charge  of  the  carriers.  Charge 
modulation  has  an  effect  on  the  value  of  the  internal  base  resist¬ 
ance,  but  not  on  its  effective  noise  temperature.  The  equation  we 
use  to  describe  the  charge  modulation  is  given  below: 

*,nLmod  =  *blnl  x  '&>+&  +  &+&.  (3) 


with  Rjnt.mod 
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the  modulated  value  of  Rb.int  (  )• 

the  fixed  base  charge  (C), 

the  emitter  and  collector  depletion  charges  (C), 

the  injected  electron  charge  (C). 


Combining  eq.  ( 1-3)  'vith  the  equivalent  circuit-diagram  shown  in 
fig.  4  leads  to  the  transistor  DC-model. 

As  in  general  the  Gummel  number  of  the  extrinsic  base  (the 
base  region  besides  the  emitter)  will  be  an  order  of  magnitude 
higher  than  the  Gummel  number  of  the  intrinsic  base  (underneath 
the  emitter),  the  collector  current  in  our  model  is  controlled  only 
by  the  potential  difference  accross  the  internal  base-emitter  junc¬ 
tion  diode  (  Kb2el  )•  This  means  that  collector  current  caused  by 
injection  of  electrons  from  the  emitter  into  the  extrinsic  base  re¬ 
gion  is  neglected. 

In  order  to  make  the  equivalent  circuit-diagram  of  fig.  4 
suited  for  noise  analyses,  we  have  to  perform  the  following  steps: 
after  calculation  of  /b  bot ,  /b  sw ,  and  the  collector  current  lc 
from  a  DC  bias  condition,  both  diodes  and  Rb.int  l*ave  to  **  re* 
placed  by  their  differential  resistance: 


with  Rb.int.difT  the  differential  resistance  of  Rb.int  (  O  ). 

For  low  currents  refr  equals  T  and  Rb.lnt.ditT  equal*  Rb.lnt 

sidewall  diode 

^difT.iw 

«  kT 
9k.*w  ’ 

As  indicated  in  fig.  4  the  splitting  up  of  the  e-b  junction  diode  is 

bottom  diode 

^difT.bot 

9‘b.bot 
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Altered  circuit -diagram  of  fig.  1  in  which  the  e-b  junction  has  been  split  up  into  a  sidewall  and  a  bottom  diode.  Each 
diode  has  its  own  shot  noise  source.  The  DC  bottom-  and  sidewall  base  current  component  arc  indicated  by 
4.bot  and  4.sw  respectively. 


internal  base  resistor  /?*,  jnt  ^  - - -  - . 

2exp(-^-)+. 

Gm  must  be  replaced  by  its  small  signal  value  gm  : 

gm  =  mkT  (A/V)' 

with  m  the  non  ideality  factor  of  the  collector  current  [  10]  . 

4.  EXPERIMENTS  AND  MODEL  CAIjCULATIONS 

All  experiments  and  calculations  have  been  performed  on 
vertical  npn-transistors  in  common  base  configuration  with  a 
source  impedance  of  5(1  Q 

The  noise  figures  obtained  refer  to  noise  in  the  white  spec¬ 
trum,  and  noise  figure  is  defined  as  the  ratio  between  total  noise 
power  at  the  output  of  the  device  and  the  output  noise  power 
caused  by  the  source  resistor  U,  [2]  . 

4a.  Experimental  results 

Figure  5  shows  a  comparison  between  measurements  and  cal¬ 
culations  of  the  transistor  noise  figure  for  a  high  frequency 
IC-transistor  from  process  B  (emitter  dimensions  2.0  x  85  jim2  ; 
a  =  0.27). 

For  the  calculations  the  value  of  the  internal  and  external  base 
resistances  have  been  obtained  from  the  lateral  transistor  dimen¬ 
sions  and  sheet  resistances.  The  sheet  resistances  were  measured 
on  van  der  Pauw  structures  and  the  accurate  lateral  transistor 
dimensions  were  obtained  by  means  of  SEM  photography.  The 
DC  and  low  frequency  AC  transconductance  (  Gm  and  ^  )  and 
/ot,  (indicated  in  fig.4)  have  been  determined  using  simple  DC 
transistor  characteristics. 

With  these  data  we  predicted  the  transistor  noise  figure  as  a 
function  of  collector  current  with  the  conventional  noise  model 
as  stated  in  fig.  1,  and  with  the  modified  model  of  fig.  4  where 
a  =*  0.27  has  been  substituted.  It  can  be  seen  that  the  modified 
model  accurately  predicts  the  transistor  noise  behaviour  (within 
3%),  whereas  the  conventional  model  predicts  values  that  are  too 
low  in  the  medium  and  high  current  range. 


4b.  Numerical  evaluation  of  transistor  noise  figure 
Let  us  now  evaluate  the  effect  of  sidewall  injection  on  the 
noise  performance  for  transistors  with  various  emitter  widths.  As 
the  effect  of  a  on  noise  figure  differs  for  different  values  of  col¬ 
lector  current  density  (see  fig.  5),  we  defined  a  characteristic  point 
in  the  noise  figure  curve  to  be  used  for  our  investigation. 

We  investigated  the  behaviour  of  the  transistor  noise  figure 
as  a  function  of  emitter  width  for  a  constant  collector  current 
density  Jc  .  For  Jc  we  selected  a  value  near  the  maximum  Fl  bi¬ 
asing  condition;  Jc  =  200/iA/pm2 

Using  geometrical  scaling  rules  the  relevant  transistor  model 
parameters  were  calculated  for  a  number  of  different  transistor 
geometries  from  process  B.  Ibis  resulted  in  a  set  of  parameters 
for  devices  varying  in  emitter  width  from  0.4  /im  to  5  /on  The 
emitter  length  has  been  kept  constant  at  50  jim  For  the  devices 
with  emitter  widths  of  2.0  pm  and  more  we  used  standard  process 
B  design  rules.  Model  parameters  for  the  transistors  with  nar¬ 
rower  emitters  have  been  obtained  by  applying  design  rules  hased 
upon  a  down-scaled  version  of  the  process. 


4  [Aim2] 

FIGURE  $ 


Transistor  noise  figure  vs  collector  current  density 
4  for  a  transistor  from  process  B  (emitter  dimen¬ 
sions  2.0x85  pm2 ). 
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FIGURE  6 

Calculated  noise  figure  vs  emitter  width  at  collector 
current  density  Jf  =  20Q«A//an2  for  both  the  ex¬ 
tended  noise  model  (  a  j»0)  and  the  conventional 
model  (a  =0). 

Figure  6  shows  this  characteristic  noise  figure  calculated  for 
Jc  ~  200*1  A/ as  a  function  of  emitter  width.  The  calculations 
have  been  performed  with  the  conventional  model,  where  no 
sidewall  injection  has  been  taken  into  account,  and  with  the  ex¬ 
tended  model  using  values  for  a  as  plotted  in  fig.  3. 

It  can  be  observed  that  despite  of  the  situation  that  wider 
emitters  show  a  considerably  lower  value  of  a  ,  the  difference  in 
calculated  noise  figure  for  wide  emitters  is  much  larger  than  for 
narrow  emitters.  This  phenomenon  can  be  explained  as  follows: 

When  the  emitter  width  decreases,  a  increases,  and  we  expect 
a  strong  effect  of  emitter  sidewall  injection  on  the  transistor  noise 
figure.  However,  when  emitter  width  decreases,  the  internal  base 
resistance  decreases  too.  This  means  that  the  separation  between 
bottom-  and  sidewall  diode,  as  depicted  in  fig.  4,  becomes  less 
pronounced.  As  a  consequence,  regarding  the  noise  performance, 
the  influence  of  splitting  up  the  e-b  junction  in  a  bottom-  and 
sidewall  component  becomes  less  important  for  smaller  emitter 
widths. 

J.  THE  EFFECT  OF  SIDEWALL  INJECTION  ON  BASE 
RESISTANCE  CALCULATIONS 

For  a  succesful  determination  of  the  total  base  resistance 
(Rb)  from  measurements  of  the  white  noise  spectrum  several  ar¬ 
guments  will  have  to  be  considered. 

When  the  measurement  is  carried  out  at  small  collector  cur¬ 
rent  densities  <  Jc  <  l  ft A/pm2  ),  the  effect  of  collector  shot  noise 
tends  to  dominate  the  thermal  noise  of  the  base  resistance  and 
accurate  extraction  of  Rb  becomes  difficult.  A  second  problem  in 
the  low  current  region  is  the  input  impedance  of  the  transistor. 
At  small  DC  current  levels  the  transistor  input  impedance  may 
become  very  large  with  respect  to  the  source  resistance.  This 
causes  a  large  mismatch  between  the  noise  source  and  the  tran¬ 
sistor  and  may  result  in  measurement  errors. 

For  high  collector  current  densities  dissipation  problems  may 
occur,  making  it  difficult  to  determine  the  actual  transistor  tem¬ 
perature.  Also  the  same  problem  of  mismatch  becomes  impor¬ 
tant. 


Ratio  of  Rb  calculated  back  from  noise  figure  using 
the  conventional  model  (  a  =0)  and  Rb  calculated 
back  from  noise  using  the  extended  model  (a  *0). 
The  calculations  have  been  performed  on  the  tran¬ 
sistor  of  process  B  with  an  emitter  width  of  2.0  pm 


Applying  the  above  mentioned  arguments  to  our  process  B, 
we  found  that  for  a  transistor  with  an  emitter  width  of  2  pm  and 
an  emitter  length  between  10  and  100  pm  ,  a  practical  current 
density  region  for  the  determination  of  Rb  lies  somewhere  be¬ 
tween  3  and  300  pA/pm2  . 

However,  when  the  influence  of  emitter  sidewall  injection  on 
transistor  noise  figure  is  not  taken  into  account,  a  large  error  in 
the  calculation  of  /?b  from  measurements  in  this  region  may  oc¬ 
cur.  This  is  illustrated  in  fig.  7,  where  we  have  plotted  the  ratio 
of  Rb  calculated  back  from  noise  figure  using  the  model  presented 
in  fig.  1  (no  sidewall  injection  incorporated)  and  by  using  the 
model  as  presented  in  fig.  4  (sidewall  injection  is  taken  into  ac¬ 
count). 

When  we  conclude  from  fig.  5  that  the  results  of  the  modified 
model  (that  takes  into  account  the  effect  of  sidewall  injection)  are 
quite  accurate,  we  can  interpretc  the  curve  of  fig.  7  as  the  ratio 
between  the  Rb  value  obtained  with  the  simple  noise  model  (fig. 
1)  and  the  actual  value  of  Rb  . 


6.  CONCLUSION 

A  noise  model  for  vertical  bipolar  transistors  incorporating 
the  effect  of  base  current  injection  into  the  emitter  sidewall  has 
been  derived.  Comparison  with  measurements  yields  that  for  ac¬ 
curate  noise  figure  calculations  in  the  medium  and  high  current 
range  it  is  essential  to  take  this  sidewall  injection  into  account. 
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1 .  Introduction 

Consequent  bipolar  device 
miniaturization  leads  to  an  increase  in 
epi  layer  doping  and  to  a  reduction  in 
epi  layer  thickness.  This  implies  an 
increase  in  maximum  electric  field 
strength  in  the  BC  junction  for 
constant  external  voltages  and  has 
increased  carrier  multiplication  in  the 
BC  diode  as  one  of  its  consequences  As 
stable  device  operation  demands  the 
emitter  collector  breakdown  voltage  to 
exceed  a  critical  voltage  BUc^omin, 
such  carrier  multiplication  effects 
lead  to  important  design  considerations 
for  scaling  of  bipolar  transistors. 

From  the  device  characterization 
point  of  view  measurement  methods 
beyond  the  pure  determination  of 
breakdown  voltages  are  needed.  We  have 
developped  two  very  sensitive  dc 
measurement  methods  which  allow  to 
obtain  carrier  multiplication  data 
directly  from  the  bipolar  devices  under 
study.  We  compare  our  measured  results 
with  calculations  based  on  SIMS 
measurements  and  MEDUSA  simulations, 
using  GRANT’S  data  [7],  and  find  good 
agreement  even  for  low  values  of 
applied  base  collector  voltage  if  a 
‘dead  space’  correction  is  applied. 

2.  Measurement  of  electron 

multiplication  factor  Mn 

Electron  multiplication  in  reverse 
biased  BC  junctions  is  studied  using  a 
recently  published  [1]  dc  method 
(fig.l).  A  current  source  injects 
minority  carriers  through  the  forward 
biased  EB  junction  into  the  base 
region.  The  carriers  reach  the  reverse 
biased  BC  junction  with  a  certain 
efficiency,  denoted  by  Ct  ,  and  lead  to 
an  Ie  induced  current  component  that  is 
proportional  to  the  multiplication 
factor. 


E  B  C 


fig.l  Measurement  3etup  for  the 
determination  of  Mn 


"  ’cbo^cb)  +  <K'Mn(Ucb)  ‘  le  [2.11 


Mn  is  the  value  of  the 
multiplication  factor  due  to  impact 
ionization  of  injected  electrons.  As 
shown  in  [1]  differentiation  of  [2.1] 
with  respect  to  the  emitter  current  and 
division  by  Cl  yields  the  multi¬ 
plication  factor  Mn.  The  value  of 

CX  may  be  determined  by  performing  the 
differentiation  procedure  at  zero 
applied  base  collector  voltage  -  under 
this  condition  there  is  no 

multiplication  in  the  BC  diode. 

Determination  of  Cl  by  the 

differentiation  procedure  is  given 
preference  over  the  extraction  of 
a  from  the  input  and  transfer 
characteristics  of  the  device  since 
great  parts  of  the  systematic 
measurement  errors  are  compensated  this 
way . 

Under  these  circumstances  the  first 
order  contributions  of  systematic 
measurement  errors  to  the  relative 
error  in  Mn  are  [9] 
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[2.2] 


nA 

16 


AMn  a  & 

Mn  a-AIe 


where  6  is  only  affected  by  the 
change  in  systematic  error  ^  X c ( I c ) 
for  the  different  values  of  current  Ie 
applied  and  van4  hes  as  Mn  approaches 
unity.  Statistical  contributions  are 
not  considered  as  principal  limitations 
for  the  measurement  accuracy  since,  by 
averaging,  they  die  out  as  1/t/N  with 
the  number  N  of  measurements  performed. 
Therefore,  for  values  of  CL  close  to 
unity  high  accuracy  even  in  the  range 
of  low  values  of  Mn(Ucb)  may  be 
obtained. 


Carrier  multiplication  due  to 
injected  holes  is  characterized  '.  y  the 
hole  multiplication  factor  Mp(Ucb).  In 
silicon  Mp(Ucb)  is  well-known  to  be 
much  lower  than  Mn(Ucb)  if  measured  at 
the  same  voltage  Ucb  [2].  Application 
of  our  method  for  the  determination  of 
the  hole  multiplication  factor  is 
possible  in  principle,  if  holes  are 
injected  in  the  collector  region  using 
the  substrate  transistor,  but  as  is 
shown  by  [2.2]  the  accuracy  to  be 
expected  is  poor  due  to  the  low  value 
of  the  underlying  CL  . 


3.  Photocurrent  measurements 

Virtually  all  experimental 
investigations  [4.. 8]  on  carrier 
multiplication  in  silicon  have  been 
based  on  a  chopped-light  technique 
which  in  its  basic  form  is  due  to 
CHYNOWETH  and  McKAY  [3],  This  and  the 
possibility  to  obtain  the 
multiplication  factor  Mp  due  to 
injected  holes  in  addition  to  Mn  are 
motivation  to  compare  our  results  with 
results  obtained  from  photocurrent 
measurements . 

For  our  experiments,  we  investigate 
transistors  without  emitter 
metallization  and  measure  the 
photocurrent  I(jj  (Ucb)  in  the  base 
collector  diode  with  the  emitter 
potential  left  floating  for  different 
light  intensities.  I^fUcb)  is  plotted 
vs.  IlAj(Ucb=0),  and  the  slope  of  the 
resulting  straight  line  is  determined 
by  a  least  square  fit  (fig. 2).  Careful 
application  of  this  method  allows  the 
determination  of  the  ’optical’ 
multiplication  factor  (identified  with 
the  slope  of  the  straight  line)  for 
values  larger  than  1.001. 


IjUcb  =0) 


fig.  2  Observed  photocurrent  I^jtUcb) 

vs.  photocurrent  1^(0)  for  Ucb=0 

evaluation  of  Mp  from  these  data  is 
in  general  difficult.  As  long  as  a  one¬ 
dimensional  description  applies,  the 
hole  multiplication  factor  may  be 
obtained  from 

Mp!Ucb]  =  .  f  (u  | 

3IJ0|  P  CD 

[3.1] 

-  Mn'UcbWnlUcb) 

Derivation  of  this  formula  is 
outlined  in  the  appendix.  fp(Ucb)  and 
fn(Ucb)  are  weight  functions  depending 
on  the  ’minority  carrier  collection 
efficiencies’  of  the  regions  adjacent 
to  the  space  charge  layer  as  well  as 
the  bias  dependent  location  of  the 
space  charge  layer  boundaries  and  the 
spatial  distribution  of  the  generation 
rate . 

In  fig.  3  we  show  the  ratio  of  fn 
and  fp  vs.  the  absorption  coefficient 
for  an  abrupt  junction  and  a  generation 
rate  of  the  form 

r  -  r -w  -XX 
Gopt  -  G*e 

with  the  depth  xjc  of  the  metallurgical 
junction  as  parameter.  This  shows  that 
calculation  of  fn,  fp  may  be 
circumvented  if  the  investigation  is 
restricted  to  shallow  EB  structures  and 
IR  light  sources  (X~830  nm  in  our 
case).  Under  these  conditions  we  may 
assume 


Due  to  the  ’mixed  injection’ 
conditions,  and  the  bias  dependent 
extension  of  the  BC  space  charge  layer. 
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absorption  coefficient  — ► 


fig. 3  Calculated  ratio  of  weighting 
factors  fn,  fp  for  abrupt  junction 
versus  absorption  coefficient 
with  depth  of  metallurgical 
junction  as  parameter 

(the  hole  current  injected  from  the 
neutral  collector  region  dominates)  and 
identify  the  ‘optical’  multiplicatian 
factor  with  Mp. 

Fig. 4  shows  measured  values  of  Mn 
and  ( 01  ojlUcb )  ^  9I(jj(0))  vs .  Ucb 

measured  at  the  same  device  with  a  very 
shallow  BC  diode.  Calculated  ionization 
integrals  for  electron  and  hole 
injection  derived  from  MEDUSA  data,  as 
discussed  below  are  included  for 
comparison. 


Ucb  [Vj - *- 

fig. 4  Comparison  of  measured  results 
for  Sn  =  1-1 /Mn  [•••••]  and 
l-l/(dI(jj{Ucb)/ d  I(o(0) ) 
with  cp  ated  on,  Sp  vs.  Ucb 
behavio- 


4.  Simulation  of  carrier  multiplication 

behavior 

We  use  doping  profiles  as  determined 
by  SIMS  of  measured  transistors  in 
MEDUSA  simulations  to  determine  the 
electric  field  distribution  in  the  BC 
junction.  Subsequent  evaluation  of  the 
ionization  integrals  Sn(Ucb),  Sp(Ucb) 
[10]  allows  a  direct  comparison  of 
measured  and  calculated  results. 

Comparison  of  our  measured  curves  to 
ionization  integral  calculations  show 
that  the  ionization  data  of  LEE  et.al. 
[4],  and  GRANT  [7]  provide  reasonable 
accuracy  for  BUcbo  prediction.  BUcbo 
values  derived  from  van  OVERSTRAETEN ’ s 
[6]  data  appear  to  be  too  large  by 
about  10  %  for  BUcbo  —  20  V. 

For  voltages  Ucb  —  BUceo  the  data  of 
LEE  provide  the  best  description  of  the 
electron  multiplication  behavior 
observed  if  the  ionization  integral  is 
evaluated  without  any  corrections  -  but 
our  measurements  don’t  confirm  the  hole 
multiplication  behavior  predicted  from 
LEE ’ s  data . 


Considerable  improvement  in 
description  may  be  achieved  by 
introducing  a  simple  ’dead  space’ 
correction  [9],  This  is  performed  by 
’switching  off’  the  electron  and  hole 
ionization  coefficients  in  their 
respective  ’dead  spaces’  defined  by  the 


fig. 5  Doping  profile  and  electric  field 
distribution  in  transistors  with 
shallow  BC  diode 


threshold  energy  of  the  corresponding 
impact  ionization  process. 

In  fig.  5  the  vertical  doping 
profile  of  the  transistor  of  which 
the  measured  carrier  multiplication 
behavior  is  plotted  in  fig.  4,  is  drawn 
together  with  the  electric  field 
distribution  in  the  junctions,  as 
obtained  from  MEDUSA,  for  different 
values  of  applied  voltage  Ucb. 

These  data  for  the  electric  field 
distribution  and  GRANT’S  data  for  the 
ionization  coefficients  were  used, 
together  with  a  threshold  energy  of 
1.8  eV  for  electron  induced  impact 
ionization,  to  obtain  the  ionization 
integrals  Sn  :=  1-1/Mn  and  Sp  '•  =  1-1/Mp 
[10]  included  in  fig.  4.  In  spite  of 
the  crude  approximation  inherent  in  the 
assumption  that  the  ionization 
coefficients  are  dependent  on  the  local 
field  strength  only  good  agreement  is 
obtained . 


Besides  the  photon  induced  current 
component  the  integral  on  the  right 
hand  side  of  [A.l]  also  takes  account 
of  the  ’dark  current’  which  is  dt  e  to 
generation  at  SRH  centers  end  interband 
tunneling. 


We  use  [A.l]  to  derive  for  the  slope 
of  the  IjjJIUcb)  vs.  I(jj(Ucb=0)  curve 


aiu<ucbi 


ayoi 

where 


Ucb  =  const. 


=  Mp(Ucb)eplUcb) 


[A. 3] 


eP(tW  - 


/dx|R-GI«xp(-V 

*b 


Jcb 


—  ( 
35  J 


[A. 4] 


dx |R- G1 


Ucb  =  0 


denotes  a  weighting  factor  unaffected 
by  SRH  generation  and  tunneling. 


5.  Conclusions 

Our  measurement  method  facilitates 
easy  and  accurate  access  to  the 
electron  multiplication  factor  Mn  in 
the  bipolar  devices  under  test. 
Additional  information  is  obtained  from 
dc  photocurrent  measurements . 

Carrier  multiplication  in  the 
shallow  BC  diodes  investigated  may  be 
described  using  ionization  coefficients 
in  CHYNOWETH  form  if  a  'dead  space' 
correction  is  performed. 

Our  methods  provide  the  feedback 
necessary  for  the  verification  of 
simulated  data  and  establish  therefore 
a  valuable  tool  for  the  optimization  of 
the  doping  profile  with  respect  to 
speed  and  breakdown . 


Appendix'-  Photomultiplication 


If 

there  is  no  current 

injection. 

from 

the 

boundaries  the 

continuity 

equations 

[10]  may  be  integrated  to 

give 

Je 

^ j(xc'  * 

Mp(U 

cb)  J dx[R-Glexp(-Jnl 

4 

[A.l] 

with 

x 

■  /«  lan-“pl  [A.  2] 

Xr 


The  space  charge  region  divides  the 
interval  [xb.xc]  in  three  subsections; 
the  integrals  in  [A. 3]  may  therefore  be 
split  up  in  three  summands.  We  neglect 
recombination  within  the  space  charge 
layer,  integrate  the  corresponding 
contribution  by  parts  and  use  the  mean 
value  theorem  [9]  to  obtain  [3.1]. 
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The  effective  recombination  velocity  (ERV)  associated  with  the  polysilicon/monosi- 
licon  interface  has  been  measured  for  different  polysilicon  structures.  Using  a  new 
measurement  method,  the  analysis  indicates  that  the  behavior  of  a  polysilicon/mono¬ 
silicon  interface,  free  from  any  intentional  oxide  layer  and  with  a  polysilicon 
layer  heavily  doped,  is  similar  to  the  one  of  a  single-crystal  high-low  junction. 
It  is  demonstrated  that  blocking  properties  of  a  polysilicon  contact  improve  if 
an  undoped  polysilicon  layer  is  interposed  between  the  doped  polysilicon  and  the 
monosilicon  when  a  significant  arsenic  concentration  is  present  at  the 
polysilicon/ monos i 1 icon  inter f ace . 


1 .  Introduction 

The  interest  of  a  polysilicon  film  in 
bipolar  technology  is  related  to  the  better 
blocking  properties  of  the  polysilicon/monosi¬ 
licon  interface,  with  respect  to  the  one  of 
the  metal/single  crystal  interface,  which  can 
be  thus  used  as  emitter  termination  for  higher 
current  gain  bipolar  transistor.  The  mecha¬ 
nism  responsible  of  the  above  improvement  is 
generally  attributed  either  to  the  tunneling 
phenomenon  which  can  occur  across  a  very  thin 
oxide  layer  localized  at  the  interface  [ 1 ] ,  or 
to  a  lower  carrier  mobility  in  the  polysilicon 
layer  [2]  or  finally,  to  a  pile-up  of  the 
arsenic  at  the  interface  [3]. 

Usually  the  blocking  properties  of  a  polysili¬ 
con/monosilicon  interface  are  evaluated  by 
embedding  the  polysilicon  layer  in  simple 
bipolar  structures  and  extracting  the  current 
absorbed  by  this  interface  through  its  I-V 
characteristics.  Since  the  current  desired  can 
result  a  negligible  fraction  of  the  total 
current,  the  contribute  of  the  other  regions 
of  the  test  structure  must  be  evaluated  sepa¬ 
rately. 

By  using  a  new  measurement  technique  [4]  based 
on  a  different  test  structure,  which  does  not 
require  the  knowledge  of  any  critical  parame¬ 
ter,  we  report  on  experimental  results  ob¬ 
tained  on  different  polysilicon/monosilicon 
interfaces.  A  comparison  with  a  metal 
contacted  implant  layer  shows  that  the  beha¬ 


vior  of  the  polysilicon/monosilicon  interfaces 
investigated  can  be  described  by  means  a  high- 
low  junction  model. 

With  the  help  of  the  results  in  [5]  our  fin¬ 
dings  confirm  that  the  blocking  properties  of 
a  polysilicon/monosilicon  interface  strongly 
degrade  at  the  highest  doping  level  of  the 
polysilicon  layer.  However,  since  heavy  doped 
polysilicon  layers  are  required  in  order  to 
reduce  the  series  resistance  value,  it  is 
demonstrated  that  the  blocking  properties  of 
polysilicon/monosilicon  Interfaces  can  be  im¬ 
proved  by  interposing  a  thin  undoped  polysili¬ 
con  layer  between  the  monosilicon  and  the 
heavily  doped  polysilicon  layer. 


2.  Experimental 

The  measurement  method  requires  the  test 
structure  sketched  in  fig.  1.  As  described  in 
[4]  it  consists  basically  of  a  P+-N-N+  injec¬ 
ting  diode  between  surface  and  the  substrate, 
with  an  added  N+  region,  in  this  case  the 
polysilicon  N*  layer  under  test,  surrounded  by 
the  P+  region  at  a  distance  much  smaller  than 
the  diffusion  length  in  the  epilayer.  The 
polysilicon  layers  were  deposited  on  two  dif¬ 
ferent  silicon  epitaxial  wafers  l|im  thick  and 
arsenic  doped  2x10*5  cm"3  or  1x10*3  cm"3  res¬ 
pectively,  using  a  CVD  reactor  at  670  °C. 

Before  polysilicon  deposition,  all  the  wafers 
were  done  a  dip  etch  in  buffered  hydrofluoric 


The  work  was  supported  by  Italian  Research  Council  under  the  program: 
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TRANSITION 

UNDER  TEST  SILICIDE 


Fig.l  Schematic  of  the  test  structure 

acid  (BHF)  to  remove  the  oxide  layer  on  the 
surface  [6].  After  the  poly  deposition,  all 
the  wafers  received  a  total  heat  cycle  of  820 
°C  for  160  min  during  the  subsequent  thermal 
processes  required  by  the  realization  process. 
All  the  structures  were  contacted  by  using 
Titanium  silicide  formed  at  700  °C  and  by 
removing  the  unreacted  titanium  by  etching. 

In  particular,  three  different  polysilicon 
layers  were  fabricated  on  different  wafers: 

a)  150nm  in-situ  arsenic  doped,  further 
annealed  at  900  °C /  15min 

b)  ISOnm  in-situ  arsenic  doped 

c)  ISOnm  of  undoped  film  followed  by  ISOnm  of 
in-situ  arsenic  doped  (bilayer) 

To  make  a  comparison  with  a  single  crystal 
layer,  the  same  test  devices  were  fabricated 
by  implanting  the  N+  and  P+  surface  regions 
directly  on  the  silicon  layer  using  respecti¬ 
vely  phosphorous,  with  energy  SOKeV  and  dose 
1x10*5  cm~2,  and  boron,  with  energy  20KeV  and 
dose  1x10*5  cm*2i  on  the  same  epitaxial  layer 
as  above.  Such  devices  were  annealed  at  900 
"cl  20min  and  then  contacted  with  Al-Cu  alloy. 
In  fig. 2  the  doping  profile  obtained  using  a 
CAKECA  Secondary  Ion  Hass  Spectroscopy  (SIMS) 
system  is  presented  for  both  the  polysilicon 
layer  type  (a)  and  the  N*  implanted  layers. 


3.  Results  and  discussion 

A  typical  experimental  result  of  the  effec¬ 
tive  recombination  velocity  for  the  polysili¬ 
con  structure  type  (a)  and  the  single  crystal 
implant  layer  are  reported  in  fig.  3  as  a 
function  of  the  minority  carrier  Injected  in 
the  epilayer.  As  it  can  be  observed,  both  ERV 
curves  vary  with  the  minority  carrier  density 
according  to  following  equation  [4]: 


depth  (um) 


Fig. 2  Doping  profiles  obtained  from  SIMS  meas. 


Fig. 3  Experimental  dependence  of  the  ERV  as  a 
function  of  the  injection  of  minority  carrier 


S  -  Sr  +  Sn  (1  +  p/N-)  (1) 

allowing  the  extraction  of  the  Sr  and  Sn  com¬ 
ponents  respectively  from  the  low  and  the  high 
injection  branch  of  the  curve.  In  the  above 
equation  N"  is  the  epi  doping,  while  Sr  and  Sn 
describe  respectively  the  recombination  compo¬ 
nent  of  the  space  charge  region  and  the  heavi¬ 
ly  doped  region  of  the  transition.  The  latter 
one  for  a  metal  contacted  implant  layer  is 
given  by  (7): 
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Sn  .  -  (2) 

I  ^Deff  («>_«** 

J 

where  the  integral  term  ia  extended  over  the 
layer  portion  with  a  doping  greater  than 
1x10*®  cm*®  [81. 

The  mean  values  of  both  Sn  and  Sr  components 
measured  at  least  on  thirty  devices  for  each 
epilayer  doping,  are  summarized  in  Table  I  for 
the  polysilicon  structures  type  (a)  and  the 
implant  layers.  The  above  values  of  Sn  for  the 
implant  layer  are  in  good  agreement  with  the 
theoretical  evaluation  from  Eq.  (2)  using  for 
the  doping  profile  the  best  gaussian  fit  of 
the  SIMS  data  in  fig. 2,  the  minority  carrier 
mobility  as  in  [9],  and  the  bandgap  narrowing 
according  to  Slotboom  and  De  Graaff  model  [10]. 
It  is  worth  noting  from  Table  I  that  the 
numerical  value  of  ERV  of  the  polysilicon 
layer  in  the  low  injection  limit  depends  on 
the  contribution  of  both  components  Sn  and  Sr> 
with  the  former  one  prevailing  as  the  epi 
doping  increases,  while  in  the  case  of  the 
implanted  region  the  component  Sr  dominates 
always.  Such  difference  can  be  explained  by 
means  of  the  greater  sharpness  of  the  doping 
profile  for  the  polysilicon  layer,  as  shown  by 
the  SIMS  data  in  fig. 2,  and  of  the  demage 
introduced  by  the  implant  process.  It  can  be 
useful  to  describe  the  blocking  properties  of 
the  poly  by  means  the  leakage  current  [7]s 

®n  n^io 

jso  -  q  -  (3) 

^Depi 

Jso  in  our  case  results  3x10* *2  Acm'2.  This 
TABLE  I 

Experimental  values  of  Sn  and  Sr  for  the 
implanted  and  polysilicon  layers,  at  different 
epi  dopings  N".  The  standard  deviations  are 
reported  into  parenthesis. 


Epi  doping  N+  Implant  In-situ  doped 

900  C/1S  min 


2x10*5 

Sn 

Sr 

434 

1321 

(14) 

(393) 

161 

151 

(12) 

(48) 

10*® 

Sn 

2445 

(150) 

667 

(43) 

Sr 

2380 

(384) 

<  200 

value  is  in  agreement  with  the  trends  reported 
by  [S]  for  the  dependence  of  Jgo  on  poly 
doping  and  confirms  that  the  blocking  proper¬ 
ties  of  a  polysllicon/monoslllcon  interface 
strongly  degrade  as  the  doping  level  of  the 
polysilicon  layer  becomes  greater  than  2xl020 
cm*®. 
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Fig.  4.  Experimental  results  of  the  ERV 
components  for  all  the  polysilicon  structures 


Since  heavy  doped  polysilicon  layers  are  nor¬ 
mally  required  in  order  to  reduce  the  series 
resistance  value,  we  examined  the  effect  of  a 
lower  arsenic  concentration  at  the  polysili¬ 
con/monosilicon  interface  by  realizing  the 
bilayer  structure,  where  an  undoped  polysili¬ 
con  layer  is  Interposed  between  the  monocris- 
talline  and  the  in-situ  doped  layer. 

The  results  are  summarized  in  fig.  4  ,  where  a 
significant  lowering  of  the  total  ERV  can  be 
observed  in  the  bilayer  structure,  as  it  has 
been  already  noted  in  [11].  To  be  sura  that 
above  behavior  is  not  due  to  the  different 
thermal  cycle  of  the  bilayer  structure,  the 
same  in-situ  doped  layers  ware  deposited  dire¬ 
ctly  on  the  monocristalline  silicon  to  realize 
the  structure  type  (b)  and  then  processed 
identically  as  the  bilayer.  As  shown  in  fig.A. 
the  Sn  component  of  the  in-situ  doped  polysi- 
llcon  layers  does  not  change  significantly 
with  the  heat  treatment.  Indicating  that  the 
doping  activation  was  the  same  for  the  two 
different  time-temperature  values  of  annealing 
In  order  to  understand  better  the  above  beha¬ 
vior  of  the  ERV  components,  the  temperature 
dependence  of  S„  for  all  devices  is  reported 
in  fig.  5.  The  theoretical  curve  arawn  for  the 
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Fig. 5  Temperature  dependence  of  the  Sn  compo¬ 
nents  for  all  the  structures  investigated. 

case  of  the  implanted  region  has  been  obtained 
using  Eq.  (2)  and  assuming  the  minority  car¬ 
rier  mobility  independent  of  the  temperature. 
The  similar  temperature  dependence  of  the 
polysilicon  layers  type  (a)  and  (b)  confirms 
that  the  two  thermal  treatments  have  no 
substantial  effect  in  altering  the  physical 
parameters  and  hence  the  recombination  veloci¬ 
ty  of  the  polysilicon/monosilicon  interface, 
as  it  has  been  already  noted  in  fig.  4.  Moreo¬ 
ver  the  strict  correlation  between  the  results 
for  the  implant  and  the  polysilicon  layers  in 
Table  I  and  fig.  5  is  a  further  proof  that  the 
behavior  of  our  polysilicon  structures  can  be 
described  through  high-low  junction  model. 
If  we  attribute  the  overall  temperature  depen¬ 
dence  to  the  bandgap  narrowing  phenomenon 
described  as  in  [10]  ,  the  slope  for  the  above 
mentioned  polysilicon  structures  supports  an 
activated  doping  value  6x10*9,  which  ag¬ 
rees  with  the  results  of  [12]. 

Surprisingly,  the  temperature  dependence  of 
the  bi layer  structure  in  fig.  5  shows  that  the 
reduced  recombination  Sn  is  associated  with  a 
greater  temperature  dependence.  A  possible 
explanation  of  the  bilayer  behavior  can  be 
given  recalling  that  during  the  thermal  cycle 
arsenic  diffuses  in  the  undoped  polysilicon 
layer  through  the  grain  boundaries,  while  the 
polysilicon  grains  remain  less  doped.  As  a 
result  of  this  preferential  grain- boundary 
diffusion,  a  thin  heavily  doped  interfacial 
region  is  formed  at  the  polysilicon/monosili¬ 
con  interface,  giving  rise  to  an  additional 
barrier  for  the  minority  carrier  injected  into 


the  polysilicon  layer.  Then  the  undoped  layer 
is  characterized  by  a  greater  lifetime  into 
the  grain,  due  to  the  lower  doping  level,  and 
by  a  better  blocking  high-low  junction,  creat¬ 
ed  between  the  undoped  grain  and  the  grain¬ 
boundary,  where  the  atoms  segregation  is  enough 
to  reduce  the  amount  of  defect  centers  [5]. 

4.  Conclusions 

Comparing  the  blocking  properties  of  the 
polysilicon/monosilicon  interface  with  that  of 
a  single  crystal  high-low  junction,  we  have 
shown  that  the  high-low  junction  model  is 
still  applicable  to  the  polysilicon  junction 
in  the  case  of  a  high  polysilicon  doping.  The 
presence  of  a  thin  undoped  polysilicon  layer 
between  the  silicon  and  the  in-situ  doped 
polys ilicon  seems  to  further  improve  the 
blocking  properties  of  a  polycristalline  con¬ 
tact. 
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It  is  shown  that  the  current  gain  increases  for  reduced  emitter  sizes  of 
self-aligned  bipolar  transistors  with  polysilicon  emitter  contact.  This 
phenomenon  is  explained  by  the  difference  between  the  polysilicon  contact 
area  and  the  effective  emitter  area  derived  from  electrical  data. 


1.  INTRODUCTION 

In  order  to  achieve  high-speed  ICs,  techno¬ 
logies  are  evolving  in  the  direction  of  reduced 
critical  dimensions  and  reduced  parasitic  ele¬ 
ments.  Present  trends  in  the  bipolar  technology 
emphasize  polysilicon  layers  both  as  diffusion 
sources  and  to  provide  self-aligned  contacts[11. 
Beside  the  reduction  of  the  inactive  base  region 
and  of  the  emitter  depth,  this  new  technology 
exhibits  new  phenomena.  The  current  gain  fi  can 
be  much  higher  than  for  the  conventional  case[2]. 
A  significant  tunneling  is  sometimes  observed  in 
the  base  current  IB[3]-These  phenomena  have  been 
explained  either  by  the  low  carrier  mobility  in 
the  polysilicon  or  by  the  existence  of  an  inter¬ 
face.  In  addition  to  these  phenomena,  an  unex¬ 
pected  dependence  of  &  on  the  emitter  size  is 
shown;  B  increases  with  reducing  the  emitter 
size.  To  understand  this  phenomenon,  B  is  mea¬ 
sured  for  several  differently  prepared  npn  tran¬ 
sistors.  The  transistors  with  different  emitter 
depth  are  obtained  by  only  varing  the  emitter 
diffusion  temperature,  keeping  the  polysilicon 
thickness  and  the  polysilicon  doping  concent¬ 
ration  the  same.  With  the  help  of  a  theoretical 
concept,  it  is  shown  that  the  phenomenon  is  exp¬ 
lained  by  the  special  features  of  the  poly- 
silicon-emitter  contact.  For  an  economic  circuit 
design  B  should  not  be  dependent  on  the  emitter 
size.  The  consequences  for  the  design  of  a 
polysilicon  technology  are  discussed. 

2.  MEASUREMENTS  OF  THE  CURRENT  GAIN  fi 

Figsla  and  1b  show  B  vs.  VEB  for  different 


emitter  sizes  with  two  emitter-diffusion  tempe¬ 
ratures;  950°  and  900°C.  SIMS  measurements  give 
an  emitter  depth  Xg  of  about  150rm  and  80m, 
respectively.  Though  B  is  usually  shown  as  a 
function  of  the  collector  current  Iq,  it  is 
shown  here  as  a  function  of  the  emitter-base 
bias  Vgg.  With  this  representation  the 
dependence  of  Ig  on  B  as  well  as  the  bias 
dependence  can  be  seen.  The  following  features 
are  recognized  for  the  ideal  region  of  Ig,Ic: 

(a)  B  increases  with  reducing  the  emitter  size, 

(b)  the  tendency  is  enhanced  for  the  900°C  case, 

(c)  in  the  900°C  case  B(max)  is  shifted 


to  higher  VEB  with  smaller  emitter  size. 
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Features  (a)  and  (c)  are  recognized  also  for 
small  stripe  transistors  (2x4 ^un  ,  2x8 yun  ,etc.). 
The  emitter  size  is  described  by  the  mask  size, 
which  is  largeT  than  the  real  emitter  contact. 
According  to  the  reduction  of  the  emitter  size, 
a  reduction  of  &  is  expected  because  of  the 
large  contribution  of  the  peripheral  current  to 
Ig  (see  Fig.2)(4].Our  measurements  show  the 
opposite  tendency;  the  increase  of  II. 

From  a  comparison  of  two  2x2 yun2  transistors 
with  different  diffusion  temperatures ,  it  is 
concluded  that  the  increase  of  &  is  mainly  due 
to  the  reduction  of  Ig,  which  may  be  attributed 
to  the  effect  of  the  interface.  If  the  emitter 
is  deep,  injected  holes  from  the  base  to  the 
emitter  recombine  with  electrons  in  the  bulk  and 
are  scarcely  influenced  by  the  interface.  The 
TEM  pictures  show  that  the  interface  oxide  layer 
is  a  little  bit  thinner  than  Inm  for  the  900°C 
case,  and  is  broken  and  the  recrystallization 
starts  for  the  950°C  case. 

3.  THEORETICAL  ANALYSIS 

3.1.  Characterization  of  polysilicon  contact 

Due  to  the  reduction  of  x£,  holes  do  not 

completely  recombine  in  the  bulk,  but  arrive  at 
the  interface.  The  hole  current  density  at  the 
monosilicon  side  of  the  interface  is  modeled  by  .- 
the  surface-recombination  velocity  SptS] 

jp(x=0)  =  qSpAp(x=0) ,  (  1 ) 

where  q  is  the  electron  charge  and  Ap(x=0)  is 
the  excess  hole  density  at  the  interface.  The 
coordinate  x  denotes  the  direction  vertical  to 
the  emitter  surface.  The  effects  of  the 
polysilicon  layer  and  the  tunneling  may  be 
limped  together  in  Sp,  where  the  recombination 
velocity  at  the  interface  is  the  dominant  factor 
at  bias  voltages  up  to  intermediate  values. 

3.2.  ID  approximation 

A  recombination  velocity  in  the  emitter  is 
introduced  in  the  same  way  as  Sp 

jp(x)  *qS(x)Ap(x).  (2) 

Using  the  continuity  equation  for  holes  with  the 
boundary  condition  S(0)*Sp,  the  recombination 
velocity  at  the  emitter-base  junction  S(xE)  can 


be  solved.  With  approximations  that  the  doping 
profile  is  a  step  function,  and  that  the  dif¬ 
fusion  coefficient  Dp  as  well  as  the  diffusion 
length  Lp  are  constant  within  the  emitter, 


S(xE)  = 


Vd+Sp  coth(xE/L  ) 

'd  vd  coth(xETLp^- 


(3) 


where  v,=D  /L.  Eq.3  shows  that  the  i^ected 
d  P  P 

minority  carriers  into  the  emitter  can  be 
described  by  a  single  additional  parameter  S(xE) 
to  the  conventional  model  parameters 

...  »,2 


qVEB^ 


qS(xE)NDef^(xEJexp,-_lcT_)  ,(4) 


where  n^  is  the  intrinsic  concentration  and 
N^fftxg)  is  the  effective  doping  density 
including  the  bandgap  narrowing. 

3.3.  2D  contribution  to  the  current 

By  reducing  the  emitter  size  the  ratio  of  the 
peripheral  contribution  to  the  emitter  area 
increases.  As  a  result  a  2D  peripheral  current 
may  play  an  important  role  (see  Fig. 2).  An 
analytical  solution  for  estimating  the  current 
within  a  2D  treatment  has  been  shown  by  reducing 
the  continuity  equation  to  a  pair  of  dual  integ¬ 
ral  equations  with  cylindrical  coordinates[6] .We 


Fig.  2.  The  schematical  cross-section  of  the 
transistor. 

apply  the  treatment  to  the  hole  flow  in  the 
emitter  by  assigning  the  emitter-base  junction  to 
have  a  circular  shape.  The  result  is  shown  in 
Fig. 3.  It  shows  the  current  ratio  of  the  2D  to 
the  ID  treatment  vs.  the  device  radius  r  divided 
by  Lp  for  several  different  ratios  of  Sp  to  v^. 
For  smaller  Sp  the  2D  contribution  becomes  more 
enhanced.  Usually  the  polysilicon  contact  with 
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A  mask 


Fig.  3.  The  current  ratio  of  the  2D  to  the  ID 
treatment  vs.  the  device  radius  r 
with  different  S  values. 

P 

Inm  oxide  layer  at  the  interface  exhibits  Sp/v^l 
In  this  case  the  2D  contribution  should  be 

1 

imptant  for  structures  smaller  than  2x2 ^un  . 

However  for  the  interface  with  oxide  layer 

thicker  than  Inm  (S  = 0)  the  2D  contribution  is 
p  2 

not  negligible  already  for  the  2x2  jw.  emitter 
size.  The  dependence  of  2D  contribution  on  Xg  is 
depicted  also  in  Fig. 3.  For  emitters  larger  than 
2x2/um  and  interface  oxides  below  Inm  thick, 
the  ID  approximation  may  be  sufficient. 

3.4.  II  dependence  on  the  emitter  size 
Fig. 4  shows  the  estimated  vs.  the  effec¬ 
tive  emitter  area  Ag££  derived  from  electrical 
data  at  Vgg*0 . 6V  under  the  ID  approximation  for 
the  case  of  Fig. la.  Since  Iq  is  less  influenced 
by  the  interface  condition  and  has  much  less 
peripheral  contribution  than  Ig,  Aef£  is  esti¬ 
mated  from  .  As  seen  in  Fig. 2,  Ag££  is  not 
identical  with  the  geometrical  emitter  contact 
area.  As  parameters  standard  values  for  device 
simulation  are  used[7].Sp  is  almost  a  linear 
function  of  Ae££.  It  is  hard  to  recognize  any 
change  of  the  interface  condition  according  to 
the  different  emitter  sizes  in  TH4  pictures.  We 
consider  that  the  linear  relation  may  come  from 
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Fig.  4.  Sp  vs. 


eff' 


the  difference  between  the  emitter  contact  area 

Acont  an<*  Aeff '  Acont  is  exPected  t0  ^  smaller 
than  Ao££,  because  of  the  lateral  diffusion 
under  the  oxide  spacer.  Since  a  homogeneous 
current  density  is  available  in  the  whole  Aeff 
under  the  ID  approximation,  the  average  Sp  is 
simply  written 


VAeff/  Sp"Ainsu 
Aeff  ’ 


(5) 


Ainsu  =  Aeff  Acont’ 

where  S'  and  S  are  the  surface-recombination 
P  P 

velocities  for  the  polysilicon  contact  and  for 

the  spacer  areas!  respectively.  The  estimated 

Sp'  by  assuming  Sp"=0  is  also  depicted  in  Fig. 4. 

Sp'  is  not  size-dependent  but  is  constant  as  we 

expect.  The  length  d  (see  Fig. 2),  which 

describes  approximately  the  lateral  diffusion 

underneath  the  spacer,  can  be  determined  from 

the  difference  between  A _ .  and  A  The 

cont  ett 

result  is  d  170nm  for  the  xE»1S0nm  case. 

The  fact  that  the  geometry  dependence  of  ft  is 
enhanced  for  the  shallow  emitter  can  be 
explained  within  the  same  theory.  The  dependence 
of  S(xg)  on  Xg  is  examined  at  Vgg-0.6V.  The 
result  is  shown  in  Fig. 5.  By  reducing  x£  an 
enhancement  of  the  size  effect  can  be  seen  from 
the  steep  gradient  of  S(x£)  vs.  Ag££. 

As  seen  in  Fig. 1b  the  steep  increase  of  ft  as 
a  function  of  VEB  has  two  components:  a  first 
increase  and  a  second  increase.  The  geometry 
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Fig.  5.  The  recombination  velocity  at  the 

emitter-base  junction  S(Xg)  vs.  Ag££. 

dependence  of  the  first  increase  has  been  exp¬ 
lained  by  the  difference  between  A  .  and  A 

cont  eff 

The  extreme  increase  of  ft  for  small  and  shallow 
structures  is  owing  to  the  second  increase, 
which  also  leads  to  a  shift  of  the  maximun  of  ft 
to  higher  value  of  V^g  and  to  the  disappearing 
of  the  favorable  plateau.  In  this  case  a  homo¬ 
geneously  distributed  thin  oxide  layer,  about 
Iran  thick,  at  the  interface  is  recognized  by  TEM 
pictures.  The  second  increase  of  ft  is  due  to  a 
further  reduction  of  the  injected  current  in  Ig. 
To  confirm  whether  the  reduction  of  Ig  in  the 
second  increase  is  due  to  the  exsistence  of  the 
interface,  the  series  resistance  is  estimated 
from  the  drop  of  Ig  in  this  region,  where  the 
applied  voltage  is  still  below  the  high  injec¬ 
tion  region.  The  result  is  shown  in  Fig. 6.  At 
low  current  densities  the  resistance  is  not 
constant  but  depends  on  the  current  for  small 


sizes.  The  dependence  disappears  rapidly  as 
increasing  the  emitter  size.  As  the  size  of  the 
emitter  mask  area  A^  is  reduced,  the  emitter 
series  resistance  increases  approximately  as  a 
function  of  1/A^.  This  relationship  suggests 
that  the  interfacial  resistance  dominates  in  the 
estimated  series  resistance. 


5.  CONCLUSION 

It  has  been  shown  that  ft  exhibits  a  geometry 
dependence  for  self-aligned  transistors  with  the 
polysilicon  emitter  contact,  i.e.,  ft  increases 
with  reducing  the  emitter  size.  This  is  exp¬ 
lained  by  the  difference  between  the  polysilicon 
contact  area  and  the  effective  emitter  area 
derived  from  electrical  data.  For  a  convenient 
circuit  design  it  is  important  to  reduce  the 
lateral  diffusion  of  the  emitter  underneath  the 
oxide  spacer.  The  most  serious  problem  of  redu¬ 
cing  the  emitter  size  and  the  emitter  depth  is 
the  interface  resistance.  To  decrease  the  con¬ 
tact  resistance,  the  reduction  of  the  thickness 
in  the  interfacial  oxide  layer  is  important. 
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A  novel  technique  for  the  fabrication  of  asymmetrical  incompletely  gated  transistors  is  described.  The  subthres¬ 
hold  characteristics  of  transistors  fabricated  using  the  technique  are  measured  and  conclusions  concerning  the 
mechanisms  responsible  for  the  observations  are  presented. 


1.  INTRODUCTION 

Process  designers  have  been  using  the  primary  rela¬ 
tionship  between  gate  capacitance  and  gate  overlap  of  the 
source  and  drain  for  decades  to  maximise  circuit  speed  by 
reducing  gate  capacitance.  However  little  attention  has  been 
paid  to  how  the  correspondiy  reduced  gate  overlaps  effect 
the  D.C  electrical  characteristics  of  the  transistors. 

Recently  asymmetries  in  transistor  characteristics  have 
been  encountered  [1-3]  when  the  source  and  drain  connec¬ 
tions  of  the  transistor  were  reversed.  Gaps  in  the  gate  to 
channel  coverage  at  either  the  source  or  drain  end  of  the 
channel  have  been  identified  as  the  cause  of  the  asym¬ 
metries.  The  gaps  arise  from  the  gate  shadow  cast  during 
off-axis  implantation,  (which  is  universally  employed  to 
reduce  channeling),  coupled  with  a  low  thermal  budget  for 
the  subsequent  steps  of  the  process.  In  order  to  study  the 
effect  that  these  gaps  have  on  transistor  characteristics, 
sidewall  spacers  have  been  used  during  source-drain 
implants  together  with  variations  in  the  drive-in  times,  to 
obtain  transistors  with  variations  in  gap  size  [2]. 

Unfortunately  other  drive-in  time  dependent  factors, 
such  as  the  source  and  drain  depth  or  the  degree  of  channel 
implant  activation,  cause  variations  in  the  electrical  charac¬ 
teristics  of  transistors  fabricated  with  the  above  technique. 
Unpredictable  variations  between  wafers  also  makes  a  con¬ 
trolled  comparison  between  transistors  with  different  magni¬ 
tudes  of  gaps  or  overlaps  impossible.  The  uncontrollable 
factors  inherent  in  this  approach  make  it  only  useful  for 
obtaining  a  qualitative  understanding  of  the  effect.  This 
paper  presents  a  novel  technique  for  the  fabrication  of 
transistors  with  a  predictable  range  of  gaps  and  overlaps 
upon  a  single  wafer.  Measurements  performed  on  transis¬ 
tors  constructed  using  this  method  are  free  from  the  factors 
discussed  above. 


2.  EXPERIMENTAL  SET-UP 

In  order  to  control  the  degree  of  gate  overlap  in  this 
experiment  the  convenience  of  self-aligned  gates  had  to  be 
forgone  and  separate  steps  used  to  define  the  gate  and  chan¬ 
nel.  A  fairly  typical  LOCOS  isolation  process  was  employed 
until  after  the  source  and  drain  implants  were  completed. 
What  would  have  then  been  the  polysilicon  gate  was 
stripped  away  and  the  contact  holes  cut.  Aluminium  was 
patterned  by  reactive  ion  etching  to  form  the  gate  and  con¬ 
tacts  to  the  source  and  drain.  The  process  used  <100>  sili¬ 
con  wafers  and  resulted  in  the  following  features;  arsenic 
source-drains  0.35  pm  deep,  a  channel  impurity  concentra¬ 
tion  of  8x  10“  atoms/cc  of  boron,  600  k  thermal  gate 
oxide,  and  0.5  pm  thick  aluminium  gates. 

Although  excellent  alignment  errors  of  less  than  0.3 
pm  for  the  gate  to  channel  were  obtained  using  a  10.T 
reduction  direct  to  wafer  stepper  for  the  photolithography, 
the  small  gate  gaps  and  overlaps  are  dictated  by  the  chip 
design. 

The  chip  layout,  shown  schematically  in  figure  1,  was 
realised  using  a  relational  database  to  first  define  a  single 
transistor  and  then  replicate  it  to  form  an  array  of  transis¬ 
tors.  Then  algorithms  were  applied  to  adjust  both  the  chan¬ 
nel  and  gate  sizes  and  the  gate  to  channel  alignment  at  each 
site.  This  resulted  in  an  array  of  transistors  whose  nominal 
channel  lengths  vary  across  a  row  from  1.15  to  2.05  pm 
and  whose  gate  to  channel  alignment  varied  down  a  column 
from  0.75  pm  drain  gap6  to  0.45  pm  source  gaps,  in  steps 
of  0.15  pm.  Reference  transistors  with  5  pm  drawn  channel 
lengths  and  0.3  pm  overlaps  were  also  included.  The  choice 
of  0.15  pm  as  the  step  size  was  made  after  a  previous 
experiment  showed  the  metal  edge  roughness  was  of  this 
magnitude  for  0.5  pm  thick  aluminium. 
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3.  SITE  SELECTION  and  MEASUREMENT  CON¬ 
SIDERATIONS 

Once  a  particular  channel  length  column  on  a  die  was 
■elected  for  characterisation,  alignment  identification  was 
accompiithed  by  comparing  both  the  normal  and  source- 
drain  reversed  subthreabold  curvet  of  each  transistor  in  the 
column.  The  transistor  or  transistors  that  have  coincident 
curvet  in  both  configurations  have  complete  gate  coverage 
of  the  channel.  Figures  2  and  3  show  this  as  well  as  other 
characteristics  for  two  transistors  from  a  column.  The 
transistor  in  figure  7  is  incompletely  gated  with  a  large 
drain  gap  which  is  evident  in  the  asymmetry  of  the 
subthrethoid  curvet  (figure  2a).  The  transistor  in  figure  3  is 
bom  a  couple  of  sites  farther  down  the  tame  column  and  it 
aligned .  Comparisons  of  the  other  characteristics  show  simi¬ 
lar  results  to  that  reported  in  reference  [2]. 


Once  the  subthrethoid  curvet  have  been  used  to  determine 
the  first  aligned  transistor  in  the  column,  the  structure  of 
the  layout  can  be  used  to  select  transistors  with  a  particular 
gap  or  overlap  for  further  measurement. 

One  important  consideration  when  measuring  transis¬ 
tors  with  gaps  is  their  sensitivity  to  charge  accumulation 
over  the  gap  in  gate  to  channel  coverage.  If  the  gap  is 
uncovered  water  vapour  can  be  charged  by  the  gate  and  the 
transistor  can  appear  to  change  into  a  non-gapped  transistor 
after  a  few  measurements.  Even  with  a  passivation  layer  the 
gaps  sensitivity  to  charge  requires  that  any  charge  added  by 
the  gate  it  removed.  This  can  be  accomplished  automati¬ 
cally  by  the  measurement  software  reversing  the  sense  of  the 
gate  voltage  approximately  every  quarter  second.  Of  course 
observations  are  only  recorded  during  the  positive  tense. 
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Figure  2  Electrical  Characteristics  of  a  1  pm  long  transis¬ 
tor  with  a  0.2  pm  drain  gap.  Figures  a-c  (top  to  bottom) 
are  in  the  subthreshold,  threshold  and  saturation  regions. 


Figure  3  Electrical  Characteristics  of  a  1  pm  long  transis¬ 
tor  with  complete  channel  coverage.  Figures  a-c  (top  to 
bottom)  are  in  the  subthreshold,  threshold  and  saturation 
regions. 


4.  OBSERVATIONS  •  SUBTHRESHOLD  REGION 

An  important  parameter  in  the  sub-threshold  region  of 
operation  is  the  subthreshold  swing  [4].  It  is  a  measure  of 
how  large  a  change  in  gate  voltage  is  required  to  change  the 
channel  current  by  one  order  of  magnitude.  Figure  4  is  a 
plot  of  the  tub- threshold  swings  dependence  on  the  drain 
voltage  for  each  transistor  in  an  alignment  column. 


Two  generalisations  are  immediately  evident. 

Those  transistors  that  have  a  gap  in  gate  to  channel 
coverage  near  tee  source  end  of  the  channel  have  an 
increased  swing  that  is  independent  of  drain  voltage-  If  the 
swing  for  these  source  gapped  transistors  (SGTs)  is  plotted 
relative  to  the  magnitude  of  the  gap  a  straight  line  results. 
That  relationship  may  be  useful  in  analysis  of  the  gate 
fringe  fields. 
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Figure  4  Subthreshold  swing  as  a  function  of  transistor 
structure  and  drain  voltage.  The  dashed  curves  are  for 
DGTs  with  gaps  of  (top  to  bottom)  0.50,  0.35,  0.20,  and 
0.05  p.m.  The  solid  curves  are  for  SGT’s  with  gaps  of  (top 
to  bottom)  0.35,  0.20,  and  0.05  p.m.  Note:  The  DGTs  are 
drain  voltage  dependent. 


Figure  5  The  drain  voltage  causing  constant  subthreshold 
swing  as  a  function  of  the  magnitude  of  the  DGT’s  gap. 
Note:  The  linear  dependence  supports  equation  1. 


The  majority  of  the  remaining  curves  in  figure  4  are 
for  transistors  with  a  gap  in  gate  to  channel  coverage  near 
the  drain  end  of  the  channel.  It  is  obvious  that  the  subthres¬ 
hold  swing  of  the  drain  gapped  transistors  (DGTs)  is 
dependent  on  the  drain  voltage.  It  seems  to  follow  a  para¬ 
bolic  dependence  on  drain  voltage  until  the  swing  reaches  a 
constant  swing  magnitude.  If  the  drain  voltages  at  which 
this  first  occurs  are  plotted  against  the  square  of  the  magni¬ 
tude  of  the  gap  size  again  a  linear  relationship  becomes  evi¬ 
dent,  as  illustrated  in  figure  5.  This  is  simply  the  motion  of 
the  drain  depletion  region  into  the  channel  under  the  influ¬ 
ence  of  the  drain  field.  The  slope  of  the  resulting  line  can 
be  used  to  estimate  the  surface  doping  concentration  using  a 
standard  depletion  width  equation  [4], 

y/-Jgr-(vt,-¥.+V,)  (1) 

The  predicted  swing  magnitude  calculated  using  the  surface 
concentration  extracted  by  this  method  agrees  with  the 
observed  value. 

5.  CONCLUSIONS 

A  novel  technique  used  to  manufacture  transistors 
with  quantifiable  gaps  in  gate  to  channel  coverage  near  the 
source  or  drain  has  been  described.  This  technique  has  a 
significant  advantage  over  previous  methods  since  transistors 
with  a  known  gap  can  be  identified  and  their  characteristics 
measured. 


These  have  been  used  to  demonstrate  that  asymmetries  in 
the  subthreshold  region  of  gapped  -transistors  are  caused  by 
the  requirement  for  the  uncovered  channel  region  to  be 
inverted  by  the  fringing  field  of  the  gate.  In  the  SGT  case 
the  subthreshold  swing  is  consistently  increased  and  was 
observed  to  be  linearly  dependent  on  the  size  of  the  gap. 
However  the  drain  voltage  dependent  swing  of  the  DGT  has 
been  shown  to  be  caused  by  drain  depletion  widening. 

6.  FURTHER  WORK 

This  research  will  continue  with  consideration  of  the 
saturation  region.  The  fabrication  of  polysilicon  gated 
transistors  with  smaller  step  sizes  is  also  planned. 
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This  paper  investigates  the  feasibility  of  using  on-chip  switching  for  the  instrumentation  used  to  measure  transistor 
characteristics.  The  effect  of  the  switching  transistors  on  the  measurements  are  evaluated  by  comparing  the  SPICE 
parameters  extracted  from  measurements  made  via  the  switching  transistors  with  those  derived  directly.  It  is 
shown  that  accurate  SPICE  parameters  can  be  extracted  from  process  control  chips  with  on-chip  switching. 


1.  INTRODUCTION 

The  measurement  of  transistors  is  traditionally 
performed  by  a  parametric  tester  using  a  switching 
matrix  to  connect  the  instrumentation  to  the 
appropriate  pins.  Each  transistor  may  use  up  to  four 
pads  and  hence  much  of  the  area  on  the  test  chip  is 
not  occupied  by  the  test  devices  themselves.  Not  only 
are  a  large  number  of  pads  required  but  as  a 
consequence,  a  large  number  of  expensive  relays  are 
necessary  and  these  significantly  reduce  the  speed  of 
measurement.  If  the  switching  matrix  can  be  located 
on  the  chip  then  the  pad  count  can  be  reduced  and 
switching  speeds  increased.  This  approach  has  been 
used  previously  to  make  yield  evaluations  with  contact 
chains  and  transistor  arrays  when  only  qualitative 
measurements  were  required  [1].  This  paper  will 
address  some  of  the  factors  that  need  to  be  considered 
when  quantitative  measurements  are  to  be  performed. 

2.  SIMULATION  OF  THE  SWITCHING 
TRANSISTOR 

Figure  1  shows  one  configuration  for  measuring 
transistor  characteristics.  Initial  simulation  of  this 
circuit  with  pass  transistors  as  switches  for  both 
forcing  current  and  sensing  voltage  were  made  using 
SPICE  [2],  These  indicated  that  the  use  of  pass 


Figure  1.  Circuit  using  pass  transistors  for  on-chip 
switching  to  measure  transistor  characteristics. 

transistors  in  a  voltage  sensing  circuit  would  cause  no 
appreciable  voltage  drop  across  the  pass  transistor 
provided  the  gate  voltage  on  that  transistor  was  at 
least  V,  above  the  voltage  to  be  sensed.  This  is 
illustrated  in  figure  2.  However  it  was  found  that  in  a 
current  forcing  situation,  the  transistor  Tl  in  figure  1 
limited  the  current  flow  in  the  circuit,  saturating  at  a 
lower  due  to  its  non-zero  source  voltage.  This  is 
shown  in  the  simulation  of  figure  3  where  current 
limiting  can  be  observed  for  transistor  Tl.  The  above 
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Figure  2.  SPICE  simulation  of  V*  sensed  by  the 
voltmeter  plotted  against  V4  at  the  transistor 
terminals  for  different  values  of  gate  voltage  on  the 
pass  transistors  T3  and  T4. 


Figure  3.  Simulated  relationship  between  V*  and  l, 
for  the  transistors  T1  and  T2  in  Figure  1. 


Figure  4.  Module  used  to  examine  the  performance  of  pass  transistors.  It  contains  two  test 
transistors  and  twelve  pass  transistors. 


simulations  were  taken  into  account  and  two  test  chips 
designed  to  evaluate  the  performance  of  the  switching 
transistors.  These  both  contained  a  number  of 
different  measurement  configurations,  with  a  range  of 
pass  and  test  transistor  geometries.  For  example,  the 
configuration  given  in  figure  4  allows  two  test 
transistors  with  different  geometries  to  be  accessed 
using  one  of  the  twelve  pass  transistors,  all  of  which 
have  different  dimensions.  The  layout  has  been 
designed  so  that  the  test  transistor  characteristics  can 
also  be  directly  measured  to  allow  the  switching 
performance  of  the  pass  transistors  to  be  evaluated. 

3.  MEASUREMENTS 

The  simplest  design  that  includes  both  current 
forcing  and  voltage  sensing  pass  transistors  is  shown  in 
figure  S.  It  will  be  used  in  the  following 
measurements  to  highlight  the  problems  which  need  to 
be  considered.  Figure  6  shows  the  characteristics  of  a 
transistor  measured  using  pass  transistors  with 


Figure  5.  Circuit  for  measuring  transistor 
characteristics  using  only  two  pass  transistors. 

different  dimensions  and  compares  them  with  those 
made  directly  on  the  test  transistor.  It  can  be 
observed  that  the  transistor  characteristics  in  the  linear 
region  are  less  sensitive  to  the  dimensions  of  the  pass 
transistors  since  T1  does  not  limit  the  current. 
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4.  SPICE  MEASUREMENTS 


V*  (Volts) 


Figure  6.  The  effect  of  different  sized  pass 
transistors  (Tl)  on  the  measured  7* :  V* 
characteristics  for  the  test  transistor,  compared  with 
the  direct  measurements. 

However,  in  the  saturated  region  this  is  not  the  case 
and  a  larger  pass  transistor  help6  to  obtain  a  better 
representation  of  the  device  under  test.  Increasing  the 
size  of  the  pass  transistors  ad  infinitum  is  not  a 
practical  solution  to  the  measurement.  The  current 
through  the  test  device  is  limited  because  Vt,  of  the 
pass  transistor  never  reaches  SV  because  there  will 
always  be  a  voltage  drop  across  the  transistor  being 
measured.  Figure  7  shows  how  the  characteristics 
obtained  with  higher  gate  voltages  on  the  pass 
transistor  overcome  this  problem  with  the 
measurements  approaching  the  true  characteristics  as 
vf,  is  increased. 


Figure  7.  The  effect  of  increasing  the  gate  voltage  of 
the  pass  translstor(Tl)  on  the  measured  /*■  V* 
characteristics  for  the  test  transistor,  compared  with 
the  direct  measurements. 


One  very  sensitive  test  of  the  accuracy  of  die 
measurements  is  to  extract  SPICE  parameters  from 
measurements  made  through  the  pass  transistors  and 
then  compare  them  with  those  obtained  directly  from 
the  transistor  terminals.  PARAMEX  [3]  was  used  for 
these  extractions  and  derives  SPICE  2  level  3 
parameters  sequentially  without  recourse  to  any 
numerical  optimisation.  As  a  result  all  the  extracted 
parameters  have  physical  significance  and  can 
consequently  be  used  for  process  control. 

Table  1  compares  the  individual  SPICE 
parameters  extracted  from  direct  measurements  on  the 
test  transistor  and  those  made  through  a  pass 
transistor  when  its  gate  voltage  was  set  at  9V.  The 
errors  in  the  characteristics  simulated  using  SPICE 
parameters  derived  from  measurements  via  pass 
transistors  compare  very  favourahly  with  those 
obtained  when  the  parameters  are  extracted  from 
measurements  made  in  the  normal  manner.  This  is 
illustrated  in  table  2  where  the  SPICE  parameters  have 
been  extracted  from  measurements  performed  for 
different  values  of  Vt,  on  transistor  Tl. 


SPICE 

parameter. 

Measured  at  the 
transistor  terminals 

Measured  through 
the  pass  transistor 
(120  x  6  pm  Vg  -  9V) 

'ox<B> 

‘g.sxio* 

8.5  x  10* 

Xj(m) 

N„(o'2) 

1.0  x  10* 

1.0  x  10* 

1.0  x  1015 

2.9  x  1015 

V*(V) 

1.03 

1.06 

>(Vv) 

0.6S 

0.62 

w°> 

1.3S  x  10* 

1.35x10* 

AW  (m) 

1.46  x  10* 

1.47  x  10* 

(tfiVV1) 

0.085 

0.087 

•  (V1) 

0.051 

0.067 

VB« 

4.28  x  105 

5.69  x  105 

■n 

0.159 

0.134 

s 

0.367 

0.329 

K 

0.402 

0.495 
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Table  1.  SPICE  parameters  extracted  from  direct 
measurements  on  the  test  transistor  compared  with 
those  using  measurements  via  the  pass  transistors. 


v8. 

Average 

meai 
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4.1 

1 
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13 

Table  2.  Rms  error  for  simulated  characteristics 
using  SPICE  parameters  extracted  from  conventional 
measurements  and  via  the  pass  transistors  for 
different  values  of  V„. 

Figure  8  shows  the  variation  of  k  as  a  function  of 
gate  voltage  on  the  pass  transistor.  This  parameter 
has  been  selected  since  it  is  the  SPICE  parameter 
which  characterises  the  slope  of  the  V*  :  /*  curve  in 
the  saturation  region.  From  figure  7  it  would  be 
expected  that  k  would  increase  rapidly  between  5  V 
and  6V  and,  as  the  gate  voltage  is  further  increased 
would,  approach  the  value  extracted  from  direct 
measurement  on  the  transistor.  This  is  the  case  in 
figure  8  with  the  small  overshoot  being  explained  by 
variations  in  other  parameters  which  offset  the  slightly 
increased  value  of  k. 


5.  CONCLUSIONS 

The  results  which  have  been  presented  illustrate 
that  it  is  feasible  to  implement  a  switching  matrix  on- 
chip  which  can  be  used  to  measure  transistor 
characteristics.  It  has  been  demonstrated  that  SPICE 
parameters  can  be  extracted  with  an  accuracy 
comparable  to  those  derived  using  conventional 
techniques.  This  opens  up  the  possibility  of  process 
control  chips  being  measured  using  equipment  with  no 
switching  matrix;  the  individual  devices  being 
addressed  through  pass  transistors.  With  fewer  pads 
required,  these  test  chips  can  be  designed  to  occupy 
reduced. 
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A  novel  technique  for  obtaining  two-dimensional  free  carrier  profiles  with  high 
spatial  resolution  has  been  developed.  The  technique  Involves  fully  automated 
anodic  sectioning  of  resistor  structures  on  a  special  VLSI  test  chip  and  computer 
analysis  of  the  data.  Application  of  the  technique  to  determination  of  the  ZD 
distribution  of  boron  In  silicon  under  an  oxide  mask  edge  after  Implant  and 
anneal  Is  described,  and  results  at  a  spatial  resolution  of  600Ax600A  and  sensi¬ 
tivity  of  1017  lons/cc  are  presented. 


Introduction  The  need  for  accurate  2D  pro¬ 
cess  models  for  VLSI  has  been  recognised  for 
many  years,  and  Interestingly  sophisticated 
software  has  become  available.  There  Is, 
however,  almost  no  experimental  data  at 
adequate  resolution  and  sensitivity  to  make 
these  models  accurate  and  reliable  for  model¬ 
ling  of  current  one  micron  geometry  VLSI 
structures.  The  technique  described  here  has 
been  under  development  at  Caswell  for  6  yrs[l] 
and  Is  designed  for  a  spatial  resolution  of 
about  lUOAxlOOA  and  concentration  sensitivity 
of  about  10161ons/cc  of  dopant. 

The  principle  of  the  technique  Is  to  fabri¬ 
cate  identical  planar  resistor  structures, 
electrically  Isolated  from  the  substrate  and 
each  other,  and  to  monitor  the  conductivity 
changes  as  thin  layers  of  different  geometries 
are  removed  from  each  structure.  Mathematical 
analysis  has  shown  that  with  a  minimum  of  3 
structures,  sufficient  data  Is  obtained  to 
recover  the  original  conductivity  distribu¬ 
tion,  and  hence  by  use  of  published  mobility 
data,  the  Ionised  dopant  distribution.  An 
example  of  one  such  analysis  Is  shown  In 
Fig. 1.  In  order  to  realise  this  technique 
experimentally,  four  essential  components  have 
been  developed:  a  special  test  chip,  a  fabri¬ 
cation  sequence,  a  fully  automatic  anodic 
sectioning  and  conductance  monitoring  kit,  and 
a  computer  analysis  programme  for  conversion 
of  data  to  2D  profile. 


The  Test  Chip  This  consists  of  a  7  layer 
mask  set,  6  of  which  are  shown  superimposed  In 
Fig. 2.  In  addition  to  the  basic  three  Identi¬ 
cal  resistor  structures,  16x8  microns  In  size, 
(C,  G  and  K),  9  other  variants  are  Incorpora¬ 
ted,  allowing  the  effects  of  Implant  asymmetry 
to  be  assessed,  and  the  progress  of  the  anodi¬ 
sation  process  Itself  to  be  monitored.  The 
resistors  are  contacted  by  four-terminal  con¬ 
nections  through  substrate  diffusions  and 
doped  polysilicon  rails  to  metal  pads  around 
the  periphery  of  the  chip. 

Fabrication  sequence  The  mask  set  Is  used  to 
fabricate  part-processed  stock  that  contains 
the  resistor  connections  and  resistor  windows. 
In  subsequent  fabrication  steps,  the  desired 
Implant  and  anneal  is  Incorporated  in  these 
windows  and  the  starting  geometry  for  section¬ 
ing  Is  defined.  One  resistor  Is  completely 
protected  so  that  subsequent  anodic  sectioning 
will  remove  horizontal  strips  from  the  com¬ 
plete  resistor.  The  other  two  resistors  are 
anlsotroplcally  plasma-etched,  so  that  the 
planar  portion  of  the  resistor  Is  removed, 
leaving  the  portions  under  the  mask  edges. 

The  protective  oxide  mask  Is  then  etched  from 
one  of  these  structures. 

Automatic  Sectioning  and  Conductance  Measure¬ 
ment  A  computer-controlled  anodisation  cell 
and  probe  card  rests  on  the  5"  slice,  defining 
and  sealing  the  chip  to  be  measured.  A  cyclic 
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anodisation  and  etch  process,  using  amyl  phos¬ 
phate  and  15:1  buffered  HF,  removes  200A  thick 
sequential  layers  from  the  resistor  struc¬ 
tures;  horizontal  (H)  planar  layers  from 
structure  K;  vertical  (V)  planar  layers  from 
structure  C;  L-shaped  horizontal  and  vertical 
(HV)  layers  from  structure  G.  Conductance 
measurements  on  each  structure  are  made  and 
logged  automatically  at  each  step,  and  when 
plotted  graphically  are  of  the  form  shown  In 
Fig.  Id. 

Data  Analysis  To  determine  the  2D  conducti¬ 
vity  distribution  In  the  resistor  structures, 
a  region  representing  a  vertical  section 
through  the  resistor  at  right  angles  to  the 
current  flow  is  divided  into  a  finite  matrix 
of  rectangular  elements.  The  sequential  sec¬ 
tions  are  mapped  onto  this  matrix  and 
different  conductances  are  assigned  to  each 
matrix  element  until  a  set  consistent  with  all 
three  conductance  profiles  (H,  V,  HV)  Is 
found.  This  can  be  done  manually,  or  by  using 
a  computer  fitting  programme  to  a  generalised 
2D  exponential  function  with  12  fitting  para- 
meters(Fig.lc),  and  a  topography  mapping  rou¬ 
tine  which  simulates  the  sectioning  topography 
with  a  6  point  linear  Interpolation  routine 
(Fig. la  and  lb). 

2D  Boron  Concentration  Distributions  Boron 
distributions  were  determined  for  resistors 
Implanted  with  5X1011*  B+  ions  at  30KeV  into 
2  ohm  cm  N  type  [100]  silicon,  and  annealed  at 
1000°C  for  30  minutes  In  dry  nitrogen.  After 
fabrication  of  the  H,  HV,  and  V  resistor 
structures,  the  sequence  of  conductance 
measurement,  100  volt  anodisation  and  etch  was 
repeated  until  conductance  changes  In  the 
planar  H  structure  Indicated  that  the  p-n 
junction  had  been  reached  (35  cycles).  The 
differential  conductance  thickness  data 
obtained  from  the  three  basic  structures  Is 
shown  In  Fig. 3.  SEM  examination  of  the  struc¬ 
tures  before  and  after  sectioning  showed  that 


the  topography  was  very  different  from  that  of 
Flg.l,  entirely  due  to  the  shallow  angle 
(16*)  of  the  masking  oxide  edge  (Fig. 4)  pro¬ 
duced  by  the  wet-etching  characteristics  of 
the  photoresist  defining  layer  on  the  very 
thick  oxide  needed  to  protect  against  the  many 
subsequent  anodisation-etch  cycles.  Lateral 
erosion  of  this  oxide  during  plasma  etching 
removed  a  portion  of  the  doped  silicon  and  a 
60#  (rather  than  vertical)  section  through  the 
structure.  Anodisation  caused  further  lateral 
erosion,  resulting  In  removal  of  wedge-shaped 
(8°)  surface  sections,  in  addition  to  the 
“vertical"  sections  expected  from  the  V  struc¬ 
ture.  All  these  effects  were,  however,  re pro¬ 
ducible  and  well -control led:  the  evolution  of 
the  topographies  Is  shown  In  Fig. 4. 

Because  of  these  large  deviations  from  the 
original  computer  model  assumptions,  manual 
fitting  was  used  Initially  to  produce  a  self 
consistent  conductance  matrix,  based  on  600x 
600 A  elements.  The  resulting  concentration 
distribution  is  shown  in  Fig. 5,  and  represents 
a  fit  to  better  than  IS  to  the  original  data. 
An  unexpected  result  from  this  best  fit  was 
the  evident  loss  of  boron  from  the  near-  sur¬ 
face  region,  presumably  caused  by  segregation 
to  the  mask  oxide. 
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FIGURE  1 

Mathematical  simulation  of  the  determination 
of  the  20  free  carrier  distribution  under  an 
Implanted  and  masked  edge,  (a)  and  (b). 
Experimentally  measured  evolution  of  surface 
topography  In  anodlcally  sectioned  HV  and  V 
structures  respectively;  (c)  Simulated  20 
concentration  contours  under  a  mask  edge;  (d) 
Simulated  conductance  -  depth  data  for  the 
three  basic  resistor  structures,  sectioned 
according  to  the  topographies  shown  In  (a)  and 
(b)  and  containing  the  simulated  dopant  dis¬ 
tribution  shown  In  (c).  The  computer  fitting 
program*  took  the  data  from  (a),  (b)  and  (d) 
and  generated  a  20  concentration  contour  plot 
Indistinguishable  from  (c). 
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FIGURE  2 

Central  area  of  the  20  test  mask  showing  the 
12  resistor  structures  around  the  periphery 
labelled  A-L. 
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FIGURE  3 

Experimental  conductance-depth  profiles 
measured  during  sequential  anodic  removals  of 
boron  implanted  and  annealed  silicon  layers 
from  'vertical'  sections  (V),  horizontal  and 
'vertical'  sections  (HV)  and  horizontal  sec¬ 
tions  (H)  of  resistor  structures  C,  G  and  K 
respectively. 


FIGURE  5 

Experimentally  determined  2D  boron  concen¬ 
tration  contours  in  a  section  through  the  edge 
of  an  implanted  and  annealed  resistor  struc¬ 
ture  (for  details  see  text),  derived  from  the 
data  in  Figs. 3  and  4.  Regions  of  the  struc¬ 
ture  are:-  A,  planar  portion  of  concentration 
profile;  B,  masking  oxide  at  implant  stage;  C, 
silicon  lost  during  plasma  etch  stage;  D, 
silicon  remaining  at  start  of  anodic  section¬ 
ing  stage.  Concentration  represented  by  con¬ 
tours  in  ions/cc  are:- 

1,  8.3E18;  2,  9.5E18;  3,  8.8E18;  4,  7.5E18; 
5,  5.7E18;  6,  4.1E18;  7,  2.65E18;  8,  1.6E18; 
9,  6.2E17;  10,  1.5E17 


Fig. 4a 
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FIGURE  4 

Experimental  evolution  of  surface  topography 
after  plasma  etching  and  anodic  sectioning  of 
(a)  HV  structure  and  (b)  V  structure,  showing 
the  position  of  the  masking  oxide  edge  after: 
1.  Implant  and  anneal,  2.  substrate  plasma 
etch  and  3.  completion  of  the  first 
anodisation-measurement-etch  cycle. 
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STATISTICAL  DEFECTIVITY  CONTROL  FOR  VLSI 
DEVICES 


R.  Traversini,  A.  De  Lisio,  M.  Tosi  and  G.  Barbuscia 

SGS  Microelet tronica,  Via  C.  Olivetti,  2 
20041  Agrate  Brianza  (Ml)  -  Italy  * 


A  method  used  in  designing  test  chips  for  defect  monitoring  of  VLSI  processes  is  presented. 
The  purpose  of  the  method  is  to  maximize  the  accuracy  of  defect  density  estimations.  This  is 
achieved  by  appropriate  sizing  of  test  chip  structures.  The  optimal  dimension  of  test  structure  is 
computed  using  a  model  relating  the  confidence  interval  for  the  defect  density  D  with  the  sample 
size  and  test  structure  dimension.  The  Poisson  and  negative  binomial  yield  models  are  used  in  the 
calculation.  The  application  to  real  life  VLSI  processes  is  outlined. 


1  Introduction 

Point  defects  are  the  major  cause  of  yield  losses 
in  VLSI  manufacturing  and  hence  a  major  concern  in 
VLSI  devices  design. 

Defects  are  responsible  for  localized  modifications 
of  the  device  structure,  such  as  inter-layers  shorts, 
and  may  lead  to  electrical  failure  of  the  chip. 

The  probability  for  a  point  defect  to  produce  a 
failure  depends  on  the  its  size,  on  the  local  device 
structure  and  on  lay-out  rules  [1], 

Monitoring  and  improving  product  yield  require 
tools  for  detecting  and  discriminating  failures  of  dif¬ 
ferent  kind.  This  is  generally  accomplished  processing 
wafers  containing  test  chips  with  appropriate  struc¬ 
tures  for  detecting  particular  types  of  failure.  (As  an 
example  interconnect  snake/comb  structures  are  used 
to  investigate  interconnect  shorts  and  opens.) 

Electrical  failure  statistics  are  then  collected  from 
test  chip  testing  and  subsequentely  elaborated  to  ex¬ 
tract  killer  defect  densities. 

The  elaboration  is  based  upon  yield  models  re¬ 
lating  yield  figures  to  defects  distribution  and  device 
geometry  [2]. 

By  means  of  standard  statistical  process  control 


tools  (such  as  control  charts),  the  resulting  estimates 
of  defect  densities  are  compared  to  target  or  to  trend 
limits  in  order  to  detect  out^of-control  situations  or 
to  verify  the  results  of  yield  improvement  efforts. 

Since  the  use  of  test  wafers  is  a  costly  and  time 
consuming  procedure  it  is  mandatory  to  maximize  the 
accuracy  of  each  single  estimate  of  defect  density. 

The  aim  of  this  work  is  to  reach  the  appropriate 
sizing  of  test  chip  structures  which  renders  defect  es¬ 
timates  as  much  accurate  as  possible. 

2  Test  chip  structure  sizing 

In  the  following  the  true  defect  density  will  be  in¬ 
dicated  with  D  whereas  its  estimation  Dm. 

We  will  assume  that  the  number  of  failure  occur¬ 
ring  on  a  test  structure  is  directly  proportional  to  a 
dimensional  feature  of  the  structure,  A,  such  that  the 
product  AD  is  equal  to  the  average  number  of  fail¬ 
ure  detected  on  the  structure.  This  last  statement 
actually  is  the  operational  definition  of  D. 

A  simple  framework  for  the  defect  estimation  ex¬ 
traction  is  considered.  We  assume  D'  values  are  ob¬ 
tained  averaging  at  lot  level  the  estimated  defect  den¬ 
sity  DJ,  of  each  wafer.  This  in  turn  is  derived  from  the 
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measured  yield  Y*  of  the  related  test  chip  structure 
in  the  wafer  using  some  yield  model. 

In  this  work  we  are  concerned  with  defect  control 
and  yield  diagnosis;  in  this  context  D*  is  used  for 
comparison  with  target  values  and  control  limits  to 
check  the  process  status. 

The  point  here  is  in  minimizing  the  statistical  vari¬ 
ability  of  the  estimate  D*.  This  variability  depends 
on  the  sample  size  (the  number  nw  of  tested  wafers 
and  the  number  nd  of  test  chip  in  each  wafer)  and  on 
the  structure  size  A. 

D’  uncertainty  can  be  described  in  term  of  con¬ 
fidence  intervals.  A  confidence  interval  for  D  is  an 
interval  containing  the  estimate  value  of  defect  den¬ 
sity  and  such  that  the  true  value  of  D  has  a  predefined 
probability  to  belong  to  it.  It  will  be  denoted  by  ( Df , 
Df,),  where  c  is  the  so  called  confidence  coefficient  and 
is  such  that: 

Prob(D  £(Df,Dcu))  =  l-c 

The  problem  can  be  stated  in  the  following  way: 
find  the  value  of  A  which  correspond  to  the  minimum 
value  of  the  amplitude  (O'  —  Of)  of  the  O  confidence 
interval,  given  the  values  of  n^,  n„  and  c. 

This  problem  will  be  discussed  in  the  following  sec¬ 
tion.  First  we  present  a  solution  based  on  the  uniform 
Poisson  yield  model,  then  the  more  general  case  of 
Stapper  negative  binomial  yield  statistics  is  studied. 

2.1  Poisson  yield  model 

In  the  Poisson  yield  model  the  defect  generating 
process  is  modeled  as  a  Poisson  process  acting  in  the 
same  way  on  the  whole  population  of  chips  in  the  lot. 

The  actual  behaviour  of  defect  yield  losses  is  gen¬ 
erally  different  from  the  simple  Poisson  case.  More 
complex  models  are  required  to  describe  the  observed 
distribution  of  defect  density.  But  this  model  is  ap¬ 
propriate  for  a  qualitative  description  of  the  D*  con¬ 
fidence  interval  as  function  of  A. 

The  probability  P(x)  to  collect  *  defects  on  a  test 
structure  is: 


where  p  is  the  average  number  of  defects  on  the  test 


structure. 

From  the  definition  of  D  given  in  the  previous 
paragraph,  in  this  case  p  =  AD.  The  yield  V  is  the 
probability  having  no  defect  and  then  Y  =  P( 0)  = 
e-». 

Combining  these  relations,  one  can  estimate  the 
wafer  defect  density  from  the  formula!)*  =  -ln(Y’)/A, 
where  Y£  is  the  wafer  yield.  Then,  the  average  defect 
density  estimation  is  D *  =  (£)J^j  D*  )/nw. 

Let  us  define  m  as  the  number  of  failed  test  struc¬ 
tures  in  a  wafer.  In  the  Poisson  model,  m  is  a  binomial 
random  variable  with  N  =  nd  and  p  =  1  —  e~AD.  A 
confidence  interval  (pf,p')  for  the  parameter  p  can  be 
obtained  solving  for  p'  and  pf  the  system: 

T/jLo  (  )  (Pu)J(l  -plT^~>  =  c, 

ess?  ( ndjw )  (p?yci  -p?  = cs 

where  M  =nd  E^,(l  -  FJ)  and  c,  +  c2  =  c. 

From  (pf,p')  a  confidence  interval  for  D  is  calcu¬ 
lated  using  the  relation  D  —  — ln(  1  —  p)/A. 

In  figure  1  the  confidence  interval  amplitude  A  = 
(Df,  —  Df)  versus  structure  dimension  A  is  shown  for 
different  values  of  defect  density  D,  as  computed  using 
the  prevoius  formulas.  The  value  of  M  is  assumed 
equal  to  «in„(l  —  e~AD)  and  c\=  ct  =  c/2. 

The  unit  of  A  is  arbitrary,  as  implied  by  the  def¬ 
inition  of  this  quantity:  if  the  structure  scaling  di¬ 
mension  is  an  area,  one  can  choose  cm2  as  dimension 
unit;  as  a  consequence,  D  and  A  on  the  vertical  axis 
are  measured  in  defects/cm2.  The  same  plot  can  be 
used  with  linear  dimensional  unit  or  for  contact  de¬ 
fect,  whose  test  structures  are  measured  in  terms  of 
number  of  tested  contacts.  The  plot  relates  to  fixed 
sample  size  ( nd  —  35,  nw  =  25)  and  a  value  of  0.05  is 
assumed  for  the  confidence  coefficient. 

The  plots  in  figure  1  show  the  essential  trends  of 
confidence  interval  amplitude.  For  given  D,  c  and 
sample  size,  the  amplitude  A  is  large  for  small  values 
of  A  and  ,  as  A  increases,  it  becomes  smaller  achieving 
a  minimum  for  a  value  of  A  depending  on  the  param¬ 
eters  of  the  plot.  For  larger  values  of  A  the  confidence 
interval  amplitude  increases. 
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FIGURE  1 


2.2  Negative  binomial  yield  model 

The  same  problem  can  be  solved  in  the  case  of 
Stapper’s  negative-binomial  yield  models.  These  are 
based  on  the  assumption  of  a  non-uniform  Poisson 
process  for  defect  generation.  The  true  defect  densi¬ 
ties  is  distributed  on  the  wafer  (or  at  some  other  ag¬ 
gregation  level)  according  to  the  Gamma  probability 
density  function: 

za-te~t 

M-rm 

The  true  defect  density  D  is  the  expected  value 
of  this  distribution  and  it  turns  out  to  be  D  =  afi. 
Then,  the  estimation  of  D  is  based  on  the  estimation 
of  the  product  of  the  two  parameters  of  the  Gamma 
density  function  [3]. 

In  solving  this  problem  we  turn  to  Monte  Carlo 
simulation.  A  SAS  based  procedure  has  been  built  up 
[4]  which  simulates  the  defect  generation  process  on 
lots  composed  of  several  wafers  containing  test  struc¬ 
tures  of  given  size.  The  number  of  defects  located  on 
a  single  structure  is  extracted  from  a  Poisson  distri¬ 
bution  whose  parameter  is  extracted,  for  each  wafer, 
from  a  Gamma  distribution. 

This  is  done  for  a  number  of  lots.  For  each  lot  the 
average  yield  and  the  yield  variance  are  computed.  In 
the  framework  of  the  Stapper  model  one  can  easily 
show  that: 


Var(Y)=Tl 

The  first  of  these  formulas  is  the  well  known  relation¬ 
ship  between  the  espected  yield  E(Y)  and  A,  a  and  /? 
in  the  Stapper  case  [2].  The  second  is  obtained  from 
the  relation  Var(Y)  =  E(Y*)~  E2(Y)  and  evaluating 
the  integral: 

E(Y')  =  1°°  (e~A‘)3  fo{z)dz 

Jo 

The  average  yield  and  yield  variance  of  each  lot 
are  used  in  solving  the  equations  (1)  for  a  and  /?.  A 
lot  estimation  of  is  obtained  solving  by  iteration  the 
problem: 

x  =  <f>(x) 

where: 

<£(*)  =  (1  -  2x)i  -  1 

7  =  ln{E{Y))/[ln(E\Y)  +  Var(Y))} 

x~Afi 

The  corresponding  value  of  a  is  then  computed  from 
any  of  the  equations  (1)  and  D’  =  a/3  may  be  obtained 
for  the  estimate  of  D  for  the  particular  lot. 

The  statistics  of  D'  is  cumulated  and  when  an 
appropriate  sample  has  been  collected  the  confidence 
interval  of  smallest  amplitude  with  confidence  coeffi¬ 
cient  equal  to  c  is  computed.  The  calculation  is  then 
repeated  for  different  values  of  A. 

In  figure  2  one  curve  obtained  this  way,  corre¬ 
sponding  to  f)  =  0.1,  a  =  1,  rii  —  35,  nw  —  25  and 
c  =  0.05,  is  shown.  The  true  value  of  the  average 
defect  density  id  D  =  af)  =  0.1  defect/(dimension 
unit). 

The  trend  of  confidence  interval  amplitude  as  func¬ 
tion  of  A  is  the  same  as  in  the  Poisson  case.  The 
minima  of  A  for  different  values  of  D  correspond  to 
the  same  values  of  A  obtained  in  the  Poisson  model. 
In  the  negative-binomial  model  the  value  of  A  in  the 
same  conditions  of  sample  size  and  structure  dimen¬ 
sion  is  larger  than  in  the  Poisson  case,  as  expected 
because  of  the  spread  of  D  described  by  the  Gamma 
density  distribution  function. 
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TEST  STRUCTURE  DIMENSION 

FIGURE  2 


3  Results  and  applications 

The  plots  in  figure  1  and  2  can  be  used  to  deter¬ 
mine  the  optimal  structure  sizing  and  to  estimate  the 
relative  improvement  in  accuracy  resulting  from  the 
appropriate  choice  of  A. 

For  comparatively  high  defect  densities  (D  a  0.1 
defect  /  (dimension  unit)  or  greater),  choosing  struc¬ 
ture  dimensions  around  2-r3  dimension  units  results 
in  an  improvement  of  test  chip  structure  accuracy, 
whose  extent  depends  on  the  defect  statistics. 

On  the  other  hand,  in  low  defect  density  situation, 
there  isn’t  a  minimum  for  A  in  the  range  of  pratical 
values  for  A.  The  curve  steepens  for  A  <  1,  while  for 
larger  values  of  A  it  tends  to  a  nearly  constant  level. 
Due  to  limitation  in  chip  size,  the  biggest  dimension 
compatible  with  chip  area  limits  is  required  to  achieve 
minimal  error. 

The  method  of  optimal  sizing  of  test  chip  struc¬ 
ture  outlined  in  this  work  has  been  used  in  SGS  in 
the  design  of  a  defect  test  chip  for  the  1Mbit  CMOS 
EPROM  device  developed  in  SGS. 

The  defect  test  chip  contains  a  set  of  structure 
designed  for  detecting  failures  in  the  critical  process 
layers  (Active  Area,  two  Poly  layers,  Metal  and  con¬ 
tacts).  Oxide  layers  are  not  considered  because  they 
are  monitored  routinely  by  the  means  of  specific  test 
chip,  on  which  however  the  same  sizing  procedure  has 
been  applied. 


The  defect  density  level  to  be  monitored  at  each 
layer  spans  between  the  present  level  of  D  and  the 
target  level  as  deduced  from  the  target  yield  of  the 
device. 

Each  test  structure  has  been  sized  for  the  lowest 
defect  density  level  (the  target  level)  and  then  inter¬ 
mediate  connections  have  been  established  to  ensure 
the  availability  of  test  zones  of  smaller  area,  which 
are  more  appropriate  when  the  defect  density  is  still 
higher. 

Given  a  target  defect  density  >  0.01  defect /(dimension 
unit),  the  optimal  sizing  is  achieved  for  large  values  of 
A.  However  for  A  >  3-s-4  no  pratical  improvement  can 
be  gained  increasing  the  structure  dimension.  In  this 
situation  the  best  choice  is  between  these  last  figures 
and  the  layer  dimension  of  the  device  layout.  This  lat¬ 
ter  can  be  estimated  using  standard  layout  extraction 
tools  like  the  MASKAP  program. 

When  the  device  layer  critical  dimension  is  around 
the  above  limiting  value  for  A  is  useful  to  choose  it 
as  the  test  structure  dimension.  Indeed,  this  choice 
allows  direct  comparison  of  test  chip  electrical  yield 
with  device  yield  with  minimum  scaling  factor. 

Intermediate  zone  sizing  is  driven  by  the  smallest 
zone  to  be  defined,  which  in  turn  is  determined  by 
the  highest  defect  density  to  be  detected.  If  a  start¬ 
ing  value  of  about  0.1  defect  density  unit  for  D  is 
assumed,  this  size  is  found  to  he  around  1  -j-  2  dimen¬ 
sion  units. 
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Epitaxial  Si/CoSio/Si  structures  can  be  grown  under  ultra-high 
vacuum  conditions.  The  metallic  CoSi2  films  can  be  extremely  thin 
typically  between  1  nm  and  20  nm.  The  electrical  properties  of 
these  heterostructures  are  presented,  mainly  the  transport  of 
electrons  in  the  metallic  films  parallel  to  the  interfaces  and  the 
transfer  of  electrons  through  the  metal  film.  The  influence  of 
pinholes  in  the  CoSi2  layers  will  be  discussed. 


I.  Introduction 

Thanks  to  advances  in  ultra-high  vacuum 
technology,  it  has  recently  become  possible  to 
realize  epitaxial  Semiconductor  /  Metal/ 
Semiconductor  (SMS)  structures  /l,  2/  using  a 
Si/CoS^/Si  sandwich.  The  rather  small  lattice 
mismatch  (~  1.2  %)  between  Si  and  CoS^ 

crystals  as  well  as  their  similar  cubic 

structures  allow  the  production  of 
monocrystalline  Si/CoSio  and  Si/CoS^/Si 
heterostructures.  These  SMS  structures  open 
the  way  to  promising  ultra-low  base  resistance 
devices  for  millimeter  wave  applications. 

In  this  paper,  we  intend  to  review  the 
main  results  on  the  physics  of  metal  base 
transistors  (MBT).  This  latter  denomination 
adresscs  two  different  kinds  of  structures 
the  SMS-Transistor  where  the  CoSi2  film  is 
intended  to  be  continuous  and  Permeable  Base 
Transistors  (PBT)  where  discontinuities  in  the 
metallic  film  are  intentionally  introduced  by 
nanolithography  techniques.  Though  this  paper 
is  mainly  focused  on  the  electrical  properties 
of  these  structures,  some  informations  on  the 
morphological  quality  of  these  sandwiches  are 
given  in  Sec.  II,  which  are  necessary  for  the 
understanding  of  the  transport  properties.  In 
Sec.  Ill,  parallel  transport  in  the  ultra-thin 
metal  films  will  be  addressed  while  the 


perpendicular  transport  through  the  SMS 
structure  will  be  developed  in  Sec.  IV.  We 
shall  describe  the  current  status  of  the 
Si/CoSi2/Si  permeable  base  transistor  in  Sec. 
V.  A  brief  discussion  is  given  in  Sec.  VI 
which  tentatively  describes  the  general  trends 
in  the  future  research  on  metal  base 
transistors. 

II.  Morphology  of  Si/CoSb/Si  heterostructures 

This  section  is  intended  to  describe  the 
results  necessary-  as  a  background  for  the 
understanding  of  transport  properties  rather 
than  to  provide  an  explanation  to  the  growth 
mechanisms,  which  is  still  clearly  lacking. 
The  morphology  observations  are  made  using 
Scanning  Electron  Microscopy  (SEM), 
Transmission  Electron  Microscopy  (TEM)  and  High 
Resolution  Transmission  Electron  Microscopy 
(HRTEM). 

One  of  the  key  points  for  the  growth 
mechanisms  is  the  cleaning  of  the  silicon 
surface  before  CoSi2  formation.  Up  to  these 

days,  we  have  used  the  Shiraki  process,  the 
details  of  which  are  described  in  Ref.  IV  and 

/4/.  This  process  is  based  on  chemical 

oxidation-etching  cycles,  leaving  a  very  thin 
protective  SiOx  film  which  evaporates  when 
heated  above  750*C.  The  SMS  structures  are 

grown  in  a  typical  ultra-high  vacuum  system 
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described  in  Ref.  /4/.  The  surface 
crystallinity  and  desmliness  are  checked  in 
situ  by  Low  Energy  Electron  Diffraction  (LEED) 
and  Auger  Spectroscopy  (AES).  Let  us  note  that 
no  electronic  grade  materials  can  be  grown  when 
Carbon  contamination  higher  than  5  %  of  a 

monolayer  is  present  at  the  silicon  surface 
/5/. 

In  our  structures,  CoSiQ  is  grown  by 
Solid  Phase  Epitaxy  on  <  1 1 1  >  Si  surface.  Co 
layers  are  electron  gun  evaporated  under  a 
pressure  less  than  5  x  10-®  Torr  with  the 
sample  kept  at  room  temperature  and  then 
annealed  at  650*C  (±  25*C)  during  10  minutes  in 
order  to  obtain  the  CoSij  layers.  Other  growth 
techniques  (molecular  beam  epitaxy,  hot 
substrates,  higher  annealing  temperatures, 
etc.)  have  led  to  lower  quality  structures 
/4— 7/.  Grazing  angle  SEM  and  TEM  observations 
have  shown  that  smooth  CoSij  layers  could  thus 
be  grown  for  a  thickness  up  to  20  nm.  Above 
this  limit,  the  metal  layers  are  rough  and 
discontinuous,  leading  to  a  milky  aspect  of  the 
wafers  /4 /. 


10  nm 


r.l  Cross-section  TEM  image  of  a  5  nm  thick 
ISIjj  layer  on  Si  substrate.  One  notes  the 
bowl-shaped  CoSio  intrusion  in  Si  bulk  for  an 
otherwise  sharp  CoSij/Si  interface. 


Cross  sectional  TEM  observations  show  that,  for 
a  thickness  less  than  20  nm,  the  interface 
between  Si  and  C0S12  is  rather  smooth,  with 
eventual  presence  of  bowl-shaped  CoSij 
intrusions  in  Si,  while  the  CoS^/vacuum 
interface  is  much  smoother  (Figure  1)  /  8/. 
Plane  view  TEM  photographs  of  a  CoS^/Si 
structure  are  shown  in  Figure  2a  and  b.  The 
shape  of  the  Moirf  fringes  indicates  than 
strain  fields  are  present  in  the  CoSi2  layers 
and  reflects  the  1.2  %  lattice  mismatch  between 
Si  and  CoS^.  Moreover,  no  pinholes  are 

observable  over  few  square  micrometers  191 . 


100  nm 


Fig.  2  TEM  plane  view  observations  of  5  nm 
thick  CoSi2  layers  (a).  The  bright  field  image 
evidences  the  Moire  fringes  (due  to  lattice 
mismatch  and  strains)  and  the  absence  of 
pinholes  (b).  The  dark  field  image  using  a 
diffraction  spot  specific  of  type  B  grains 
indicates  an  equivalent  density  of  both  grains 
191. 
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These  pinholes,  when  they  are  present,  appear 
as  regions  where  Moiri  fringes  are  absent,  as 
described  in  Ref.  /10/.  Figure  2b  is  a  plane 

view  TEM  observation  which  stresses  the  , 
orientation  of  the  CoSij  crystal  relatively  to 
the  Si  one  in  the  <1U>  direction.  It  is  clear 
that  CoSij  >*  a  mixture  of  two  types  of  grains 
:  type  A  grains  where  the  Co  planes  are  an 
extension  of  the  Si  bulk  planes  and  type  B 
grains  where  the  CoSig  lattice  is  rotated  180* 
around  the  <  1 1 1  >  direction  relatively  to  the  Si 
lattice  /8/.  We  must  stress  that  some  other 
groups  IT,  10/  have  found  a  great  majority  of 
type  B  grains  in  their  CoSi2  films  (>  95  %)  : 
the  difference  in  the  results  of  those 
different  groups  is  still  unexplained,  though 
the  influence  of  substrate  cleaning  is  most 
probably  playing  a  major  role. 

Silicon  layers  are  deposited  by  MBE  on 
CoSij  films  at  650  *C  and  doped  by  Sb 
coevaporation  under  a  pressure  in  the  10"’ 
Torr  range.  Figure  3  is  a  cross  sectional  TEM 
photograph  of  a  Si/CoS^/Si  heterostructure. 

It  is  clear  that  the  roughness  of  the 
interfaces  has  dramatically  decreased,  the 
transition  between  CoSij  and  Si  material 
occurring  within  one  monolayer  over  long 
distances.  This  effect  (we  call  it 

”planarisation”)  is  still  unexplained. 

Moreover,  grazing  angle  SEM  observations 
indicate  that  the  growth  mechanism  of  Si  over 
CoSi2  is  three-dimensional  (Fig.  4),  This 
results  in  a  high  density  of  sub-grain 
boundaries,  twins...  in  the  epitaxial  Si  layer. 
Finally,  let  us  note  that  HRTEM  observations 
indicate  that,  for  such  small  CoSi2  film 
thicknesses  (<  20  nm),  the  CoSi2  lattice  is 
entirely  strained  in  the  Si/CoSi  9/Si  sandwich 
in  order  to  fit  the  Si  bulk  lattice  /8/. 

III.  Parallel  transport  In  Sl/CoSig 

heterortructureg 

Because  of  their  outstanding  crystalline 
quality,  CoSi2  films  are  ideal  candidates  for 
the  study  of  electron  transport  in  ultra-thin 
metallic  films.  Indeed,  other  possible  systems 
(like  Au  on  NaCl)  are  usually  unstable  against 


exposure  to  air  and  temperature  cycles. 

Hensel  et  al  were  the  first  to  show  that 
down  to  very  low  thickness,  i.e.  10  nm,  the 
film  resistivity  exhibits  little  dependence  on 
the  CoSi2  film  thickness  112/.  These 
thicknesses  are  much  less  than  the  bulk 
transport  scattering  length  of  ~  100  nm  as 

determined  by  magneto-resistance  measurements , 
so  that  boundary  scattering  of  the  carriers  is 
essentially  specular  in  this  system.  In  order 

to  account  for  this  phenomenon,  these  authors 
have  used  the  well-known  Fuchs-Sondheimer 
theory,  introducing  a  specularity  parameter  p 
which  is  the  fraction  of  electrons  specularly 
reflected  from  the  interfaces.  The  resistivity 
p  of  a  film  of  thickness  d  is  thus  given  by  : 

1  . 

P  ”  P.  [ 1  -  3/2k  s  f(u)  du  ]  1 

o 

with  : 

(u  -  uS)  (1  -  p)  (1  -  exp(-k/u)) 

f(u) - 

1  -  p  exp(-  k/u) 

where  pB  is  the  bulk  resistivity  and  k  the 
ratio  of  the  film  thickness  d  to  the  mean  free 
path  Ae,  i.e.  k  -  d/Ae.  Figure  5a  shows  the 
set  of  curves  in  CoSi2  films  for  specularity 
parameter  p  ranging  from  0  to  1  (i.e.,  from 
purely  diffuse  scattering  to  purely  specular) 
compared  to  experimental  data  from  Badoz  et  al 
/IS/.  It  is  clear  that  for  film  thicknesses 

lower  than  10  nm,  the  variation  of  the  film 
resistivity  with  thickness  is  far  steeper  than 
expected  from  Fuchs-Sondheimer  theory. 


7  nm 

Fig.  3  Cross-section  TEM  image  of  aSi/CoS^Si 
heterostructure.  Note  the  planarisation  of 
interface  relatively  to  Figure  1  /8/. 
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Fig.  4  SEM  image  of  23  nm  thick  Si  epilayer  on 
top  of  CoSij  (8  nmySijjujjt  structure  / 11/. 

Figure  5b  shows  the  values  of  the 
superconducting  critical  temperature  Tc  of 
CoSi2  films  as  a  function  of  thickness. 

Here  again,  there  is  an  abrupt  drop  of  Tc  in 
CoSi2  films  thinner  than  10  nm.  It  has  to  be 
noted  that  these  results  are  different  in 

nature  from  the  usual  experiments  in  thin  metal 
films  near  the  localisation  regime  (R  -  h/e^  ~ 
4000  00).  The  sudden  change  in  Tc  and  p  occurs 
in  films  with  resistances  in  the  30  range. 

A  phenomenological  explanation  of  our  results 
is  the  presence  of  a  layer  of  about  5  nm  at  the 
Si/CoSi2  interface  in  which  the  electronic 
transport  properties  are  dramatically  perturbed 
in  this  region,  the  carrier  mobility  is 

extremely  low  and  no  superconductivity  occurs. 
This  layer  is  without  doubt  CoS^,  as  evidenced 
by  LEED,  AES,  TEM  and  X-ray  photoemission 
spectroscopy  measurements  as  well  as  by  Hall 
effect  (constant  density  of  carriers  in  this 
layer).  A  possible  origin  for  this  perturbed 

layer 

could  be  the  presence  of  magnetic  Cobalt  atoms 
:  magnetic  impurities  are  indeed  known  to  be 
highly  effective  in  quenching  superconductivity 
as  well  as  being  efficient  scattering  centers 
for  electronic  transport. 

These  magnetic  Co  atoms  could  stem  from  either 
i)  a  small  departure  from  CoSij  stoichiometry 
/14/  or  from  ii)  ill-coordinated  interface  Co 
atoms  as  evidenced  by  careful  observation  of 
HRTEM  photographs  IS/. 


0  10  20  30  40  50  (0 

CoSij  FILM  THICKNESS  d(rnn) 


0  HI  20  JO  40  SO  « 
CoSI]  FILM  THICKNESS  d  (nm) 


Fig.  5  CoSi2  film  resistivity  pc  measured  at  4 
K  (a)  and  superconductivity  critical 
temperature  Tr  (b)  as  a  function  of  film 
thickness  d  /IS/. 

In  an  attempt  to  observe  quantization  of 
the  metallic  electron  gas  in  ultra-thin  CoSi2 
film.  Tunneling  Spectroscopy  (TS)  has  been 
performed  in  degenerate  Si/CoSi2  Schottky 
diodes  (15).  Sharp  features  have  been 
observed  in  TS  spectra  up  to  high  energies  (600 
meV).  However,  those  peaks  are  weakly 
dependent  on  the  film  thickness  (see  Figure  6). 
Very  recent  experiments  tend  to  prove  that 
those  features  are  due  to  phonon  emission  by 
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the  relaxation  of  hot  electrons  in  the 
depletion  layer  of  Si.  The  lack  of  observable 
quantization  may  be  due  to  the  high  value  of 
the  electron  energy  at  the  Fermi  level  Ep, 
leading  to  a  high  value  of  the  quantization 
energy  uncertainty  AEp  near  the  Fermi  level 
given  by  : 

AEp/Ep  -  2  Ad/d  (2) 

where  Ad  is  the  residual  film  roughness.  For  a 
ratio  Ad/d  as  low  as  1  %,  the  energy  spreading 
is  already  in  the  100  meV  range  ! 


Fig.  6  Tunneling  spectra  of  epitaxial  CoS^/Si 
tunnel  junction  (a)  and  of  non  epitaxial  Au/Si 
Junction  (b).  The  main  Si  phonons  are 

indicated  by  arrows  /15/. 

IV.  Perpendicular  transport  in  St/CoSio/Si 

heteroetructures 

The  first  evidence  of  transistor  effect 

in  a  monolithic  SMS  structure  has  been  given  by 
Rosencher  et  al  in  1984  /IS/.  Figure  7  shows 

the  energy  band  diagram  of  a  SMS  transistor. 
This  device  consists  basically  in  two  back  to 
back  Schottky  diodes.  One  of  these  diodes,  the 
emitter,  is  forward  biased,  while  the  other 
one,  the  collector,  is  reverse  biased.  The 


carrier  transport  between  the  emitter  and  the 
collector  is  the  subject  of  intensive 
investigations  /16-19/.  Two  mechanisms  may 

indeed  be  involved,  with  relative  weight 
strongly  dependent  on  technology. 


Fig.  7  Schematic  energy-band  diagram  of  a  SMS 
transistor  in  a  semiconductor  -metal 
-semiconductor  junction  (solid  line)  and  in  a 
semiconductor  pinhole  channel  (dashed  line  ). 

1 .  Electrons  are  emitted  via  thermionic 

emission  from  the  forward  biased  emitter 
junction  into  the  metal.  A  fraction  of  those 

carriers  crosses  the  metal  film  via  ballistic 

transport  and  are  collected  by  the  reverse 

biased  collector  junction  /16,  19/.  This 

mechanism  is  described  by  the  solid  lines  in 
Figure  7. 

2.  Pinholes  are  present  in  the  metal  film, 

in  which  silicon  channels  are  imbedded.  The 
electrons  are  transferred  from  the  emitter  to 

the  collector  via  those  semiconducting  channels 
and  the  current  flow  is  controlled  by  the 
barrier  lowering  in  the  pinholes  (dashed  line 

in  Figure  7)  /17,  18/. 

A  theoretical  model  has  been  developed  in  Ref. 
/20/  in  order  to  evaluate  the  different  weights 

of  mechanims  1  and  2.  The  conclusion  is  that, 
for  usual  doping  levels,  a  single  150  nm  radius 
pinhole  in  the  metal  base  is  enough  to  short 
circuit  the  whole  ballistic  transport  in  a  20 
pm  x  20  pm  SMS  transistor  ! 

It  is  thus  dear  that  TEM  observations, 
which  investigate  only  few  square  micrometers 
of  a  device,  have  no  statistical  significance 
in  order  to  conclude  to  the  predominance  of  one 
mechanism  over  the  other.  We  have  thus 
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characteristics  of  a  SMS-T  with  a  7  nm  thick 
base  using  either  the  regtown  Si(o)  or  the  bulk 
Si(b)  as  emitter.  The  measurements  are 
performed  at  room  temperature. 

developed  an  electrical  measurement,  a 
transconductance  technique  described  in  Ref. 
/1 7/  and  /19/,  which  allows  to  measure  the 

relative  weights  of  mechanisms  1  and  2.  This 
technique,  based  on  the  screening  of  the 
collector  potential  by  the  metallic  CoSi2  film 
when  no  pinholes  are  present,  ensures  that,  in 

"pinhole-free”  SMS,  electron  transport  occurs 
almost  entirely  through  the  metal  base.  An 
independent  evidence  of  the  dominant  role  of 
hot  electron  transfer  through  the  base  in  SMS-T 
is  given  in  Figures  8a  and  8b  showing  the 

common-base  characteristics  of  a  SMS  structure 
(7  nm  base  thickness)  using  either  the 

overgrown  (Figure  8a)  or  bulk  (Figure  8b) 
silicon  as  the  emitter.  The  transfer  ratios  a 
are  15  %  and  less  than  10“*,  respectively,  for 
the  same  values  of  emitter  current  Ig  (500  pA). 
Since  the  pinhole  current  must  be  of  the  same 

order  of  magnitude  in  both  directions,  the 
value  15  %  is  dearly  due  to  the  transfer 

through  the  metal  base.  The  asymmetry  of 


current  gain  is  consistent  with  the  already 
repotted  systematic  difference  in  barrier 
heights  ©jjj,  between  the  Si  bulk/CoSi2  (0^  - 
0.63  eV)  and  Siepi/CoSi2  (0^  -  0.69  eV) 

junctions  /19/  the  injected  electrons  are 
well  above  the  collector  barrier  when  emitted 
from  the  overgrown  Si  and  below  when  emitted 
from  the  bulk  Si. 


The  ballistic  transport 

ms 

in 

"pinhole-free’’  SMS-T  is  described 

by  a  mean 

free  path  Ag(T),  so  that  the 

emitter 

to 

collector  transfer  ratio  of  electrons 

is 

expected  to  be  : 

a  m  “o  (T)  •  exp  (-  d/Ag  (T)) 

(3) 

UETAl  fEHICOHOUC  TOB 


Electron  potential  energy  versus 
distance  from  the  collector  metal-semiconductor 
interface.  An  example  of  electron  backscat- 
tering  event  is  symbolized. 

where  T  is  the  measurement  temperature  and  aD 
is  the  current  gain  extrapolated  to  zero  metal 
base  thickness.  The  departure  of  aQ  from 
unity  is  due  to  collector  as  well  as  emitter 
losses  : 

°o  -  «c  •  <*q  ■  °e  (*) 

where  oc  is  the  current  gain  upper  limit 
associated  to  scattering  in  the  Si  collector, 
Qq  is  the  quantum  mechanical  transmission  of 
the  base-collector  potential  barrier  and  qc  is 
the  emitter  efficiency  coefficient  /217.  The 
collector  scattering  contribution  is  expected 
to  follow  : 


936 


«c  -  exp  (-  x^/Apfc)  (5) 

where  xm  it  the  potition  of  the  maximum  of  the 
collector  barrier  potential  in  the  image  force 
approximation  and  Apb  it  the  mean  free  path  in 
the  Si  collector  (tee  Figure  9). 


FUt.  10  Transfer  ratio  vertut  CoSi2 

base  thickness  measured  at  77  K  and  300  K  in 

SMS  transistor  191. 

Figures  10  and  11  compare  the  above  theory  with 
experiment.  Figure  10  shows  the  transfer 
ratios  a  obtained  on  samples  with  various 

values  of  CoSi2  base  thickness,  at  room 
temperature  and  at  77  K.  Error  bars  correspond 
to  the  dispersion  of  values  for  different 

devices  fabricated  on  the  same  wafer.  The 

results  dearly  show  that  Eq.  (4)  is.  verified, 
with  values  of  Ab  of  8  ±  1.5  nm  at  300  K  and  35 
t  5  nm  at  77  K.  This  agreement  is  in  strong 

favor  of  ballistic  theory.  Moreover,  the  Ag 

values  are  dose  to  the  mean  free  path  deduced 
from  resistivity  measurements  /  22/.  This 

indicates  that  the  same  scattering  mechanisms 
control  both  the  electron  transport  dose  to 
the  Fermi  level  and  the  hot  electron 

relaxation  for  energies  in  the  0.7  eV  range 
above  E. 

Figure  11  shows  a  versus  curves, 

taken  at  different  temperatures,  where  VgQ  is 


the  base-collector  bus.  Equation  5  dearly 
holds  since  VgQ-*^*  is  directly  proportional  to 
Xjjj  /21/.  Furthermore,  a  mean  free  path  is 
extracted  from  the  slope  of  the  curves  and  its 
temperature  variation  is  shown  in  the  inset  of 
Figure  10.  The  very  low  values  obtained 
for  Apb  (<  2  nm)  remain  to  be  understood. 


11  Transfer  ratio  versus  base-collector 
bias  at  different  temperatures.  The  mean  free 
path  Apj,  deduced  is  shown  in  the  inset  as  a 
function  of  temperature  /22/. 


Another  problem  requiring  explanation  is  the 
overall  low  values  of  qq  (~  0.3  at  RT) 

corresponding  to'  o/oc  -  0.6.  The  answer  is 

most  probably  rdated  to  the  quantum  nature  of 
the  electron.  Indeed,  the  electron  energy  Ej 
in  the  metal  is  in  the  5  eV  range  while  its 
value  Ej  in  the  semicondutor  is  in  the  50  meV 
range,  i.e.  the  Schottky  barrier  lowering. 
Consequently,  the  abrupt  change  in  the  electron 
wavelength  leads  to  a  quantum  reflection  at  the 
metal-semiconductor  interface.  If  the  crude 
model  of  the  abrupt-step  barrier  is  assumed, 
the  quantum  transmission  coeffident  is  1221 

oq  -  1  -  [(m2*Ei)1/2  - 

(ml  *E2)^2/((m2*E  j)1^2  +  (m1*E2)1/2)]2  (6) 


where  mj*  is  the  effective  mass  in  the  i**1 
medium.  Taking  mj*  -  1  in  CoSi2  and  m2*  -  0.3 
in  Si,  one  obtains  oq  ~  0.5,  which  is  in  fair 
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Kfc.  12  Main  fabrication  sequence  of 
epitaxial  Si/CoSij/Si  permeable  base 
transistor  /27/. 

agreement  with  the  experimental  data  of  aQ  ~ 
0.3  taking  into  account  the  collector 
backscattering. 

All  these  results,  as  well  as  those 

obtained  by  Sze  and  his  coworkers  /21/,  show 
that  the  quantum  reflection  is  a  severely 
limiting  factor  for  the  device  interest  of  SMS 
transistors.  These  results  suggest,  in  order 
to  reduce  this  reflection,  the  use  of  highly 

assymmetrical  SMS  structure,  for  instance  by 
use  of  two  different  semiconductors  and/or 
metals. 


Two  ways  are  possible  to  imbed 

semiconductor  channels  in  a  metal  grid. 

1 .  The  first  one  is  to  use  the  natural 

porosity  of  a  metal  layer  on  the  surface  of  a 
semiconductor,  leading  to  a  Natural  Permeable 
Base  Transistor  (also  called  Metal  Grid 
Transistor  /24/).  Discontinuous  CoSij  films 

/1 7,  10/  but  also  W  layers  deposited  during  Si 
CVD  growth  /24/  have  been  used.  However,  the 
high  input  capacitance  as  well  as  the  lack  of 

control  in  the  geometry  of  metal  openings  are 
not  in  favour  of  such  a  device. 

2.  The  second  way  is  to  define  the  opening 

by  lithographic  techniques.  Bozler  and  Alley 
/  25/  were  the  first  to  realize  such  a 
structure.  They  have  used  W  grids  of  320  nm 

periodicity  and  CVD  deposited  GaAs  as  the 

semiconductor,  though  the  W/GaAs  system  is  not 
epitactic. 


13  Backscattered  electron 
image  in  SEM  of  epitaxial  CoSio 
lines,  0.3  pm  wide  (bright  areas) 
buried  in  Si  lattice. 


V.  Si/CoSb/Si  Permeable  Base  Transistors 

The  idea  of  Permeable  Base  Transistor 
(PBT)  is  to  take  advantage  of  mechanism  2 
described  in  the  preceeding  section.  The  main 
advantages  of  this  device  are  : 

For  small  enough  Si  channels,  PBT’s 
behave  like  thermionic  devices  so  that  their 
transconductance  it  very  high  /23/. 

There  are  no  fundamental  limitations  such 
as  Quantum  Reflection  in  SMS  transistors. 

It  is  easily  shrinkable  with  no  problems 
of  punchthrough  such  as  in  bipolar  transistors. 


Si/CoSij/Si  Permeable  Base  Transistor  with 
micronic  Si  channel  dimensions  have  been 
independently  obtained  by  Ishiwara  et  al  /  26/ 
and  Rosencher  et  al  /27/.  Submicron 
Si/CoSig/Si  PBT  are  currently  under  study  in 
few  laboratories.  Though  the  problems  of 
materials  associated  to  epitaxial  growth  in 
submicron  structures  are  far  beyond  the  scope 
of  this  paper,  we  show  in  Figure  12  the  main 
fabrication  sequence  of  epitaxial  Si/CoS^/Si 
permeable  base  transistor.  Figure  13  shows  the 
backscattered  electron  image  in  a  Scanning 
Electron  Microscope  of  a  300  nm  CoSi2  grid 
imbedded  in  a  Si  lattice.  Electrical  behaviour 
of  such  PBT’s  is  currently  under  study. 


*  I 


VI.  Contusion 

The  physics  and  technology  of 
metal-semiconductor  heterostructures  are 

dearly  a  rapidly  expanding  new  field  of 
research.  Many  of  the  experimental  result! 
described  in  this  review  paper  are  still  in 
their  early  stage.  A  non  limitative  list  of 
unresolved  problems  and  future  devdoppment  is 


given  hereafter  : 

l 

Mechanism  of  CoSij  growth  on 

top  of  Si 

/14/ 

.? 

(role  of  the  early  stage  nudeation, 

roughness, 

,1 

■VJ 

planarisation,  influence  of  strains...). 

mi 

Microscopic  nature  of  the 

CoSi^Si 

•I 

i 

interface  regarding  to  parallel 

transport 

.1 

properties. 

2D  localisation  effects. 

f 

Scattering  mechanisms  in  SMS 

transistors 

nv 

y 

(hot  electron  in  the  metal.  Si 

collector 

backscattering. . .). 

j 

Other  epitaxial  metals  on  Si 

such  as 

mi 

f 

ternary  silicidcs. 
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ABSTRACT  :  Junction  Field  Effect  Transistors  with  a  1  micron  diffused  gate  have 
been  fabricated  on  InGaAs/InP  grown  by  molecular  beam  epitaxy  (MBE). 
Transconductances  higher  than  200  mS/mm  with  a  channel  doping  level  of  2.10*® 
cm'3  have  been  measured.  A  compact  model  for  PIN  -  FET  photodetector  has  been 
developed  to  optimize  the  signal  to  noise  mtio. 


INTRODUCTION 

For  1.55  /im  optical  link  photodetection,  integrated 
PIN  -  FETs  appear  to  be  a  very  attmetive  solution  in 
order  to  improve  the  signal  to  noise  ratio  and  detec¬ 
tion  threshold.  Integrated  with  an  InGaAs  photodiode, 
InGaAs  JFET  is  a  technological  response  for  this 
need.  Among  the  various  available  devices  [1],  diffu¬ 
sed  or  implanted  JFETs  are  easy  to  process  and  retain 
interest  in  terms  of  insensitivity  to  surface  -  related 
phenomena  (surface  depletion,  surface  stability)  and  in 
terms  of  gate  leakage  current. 

The  aim  of  this  paper  is  to  report  on  the  process 
and  results  on  such  a  short  -  gate  diffused  JFET  as  it 
is  now  developed  at  CNET.  The  associated  model  will 
be  emphasized  in  order  to  enable  the  design  of  an 
integrated  PIN  -  FET  photodetection  circuit. 

1.  InGaAs  Za  -  DIFFUSED  GATE  J  -  FET 
TECHNOLOGY  : 

Starting  from  a  InGaAs  layer  grown  by  MBE 
(Molecular  Beam  Epitaxy)  on  a  semi  -  insulated  subs¬ 
trate,  the  JFET’s  process  technology  gives  the 
structure  shown  on  figure  1.  The  transistor  active 
region  is  delimited  by  mesa,  the  gate  is  a  P  -  N  junc- 


FIGURE  1 

Structure  of  the  diffused  JFET 

tion  obtained  by  a  localized  diffusion  through  a  SiN 
mask.  The  N  -  type  and  P  -  type  metalizations  are 
successively  aligned  with  the  diffused  zone  for  the 
source  -  drain  and  gate  contacts. 

1.1.  InGaAs  layer  grown  by  MBE 

InGaAs  layers  are  grown  in  a  Riber  2S00  equip¬ 
ment  with  a  rotating  substrate  holder.  Epitaxial 
growth  is  conducted  at  500  C,  with  a  growth  rate  of 
1  fimJbr.  The  cristallographic  properties  are  usually 
good  with  a  lattice  mismatch  less  than  15.10'4 .  At  a 
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doping  level  of  2.  1016  cm  mobilities  of  9000  and 
24000  cmWs  are  measured  at  300  and  77  K  respec¬ 
tively.  A  sharp  decrease  of  the  electron  mobility  and 
doping  level  in  the  InGaAslayer  is  sometimes  observed 
dose  to  the  interface  with  S.I.  substrate.  To  improve 
the  transistor  channel  properties,  an  intrinsic  quater¬ 
nary  layer  (GaAlInAs)  has  been  grown  as  buffer  on 
several  slices.  The  FET  InGaAs  layer  is  typically 
doped  (Si)  at  2.10^®  cm ,  with  a  thickness  of  1.2 
microns. 

1.2.  J  -  FET  Abricadon 

Mesas  are  formed  in  the  InGaAs  layer  by  chemical 
wet  etching  (H3P04:1  H202:l  H20:8),  with  an 
etching  rate  of  5000  Angstrcems/  mn.  The  diffusion 
mask  is  deposited  :  2000  Angstrcems  of  SiN  by 
PE-CVD  on  both  InGaAs  mesa  and  InP  substrate. 
Mask  opening  are  realized  by  plasma  etching  (CF4). 
Diffusion  is  conducted  in  a  sealed  ampoule,  evacuated 
to  10  '  torr,  at  500’C.  Zn  is  provided  by  ZnAs2. 
The  diffusion  depth  is  0.8  micron.  Deposited  by  elec¬ 
tron  beam  evaporation,  ohmic  contacts  are  delineated 
by  the  lift  -  off  technique.  AuGeNi/Ag/Au  contacts  for 
source  and  drain  are  alloyed  by  halogen  lamp  (430*  C 
for  10  s).  TiAu  contact  is  deposited  for  the  metaliza- 
tion  gate.  The  narrowest  dimensions  are  1  micron 
for  the  SiN  opening,  3  microns  for  the  metalization 
gate  between  5  microns  drain  -  source  spacing. 

2.  J  -  FET  CHARACTERISTICS 

The  best  results  in  terms  of  transconductance  have 
been  obtained  on  enhancement  mode  devices  from  a 
slice  with  a  doping  level  close  to  the  interface  lower 
than  anticipated.  Average  transconductance  of  175, 
138,  67,  42  mS/mm  have  been  measured  for  gate 
lengths  of  1,  1.5,  2.5,  4  microns  respectively  at  a  gate 
voltage  of  0.7  V  and  for  a  drain  to  source  voltage  of 
1.4  V.  DC  characteristics  of  a  device  with  a  1x300 
microns  gate  are  shown  on  figure  2.  Measurements 
of  the  gate  capacitance  at  0  V  give  0.85  pF  for  a 
1.5x300  micron1  transistor.  Source  and  drain  resis¬ 
tances  are  quite  low  :  0.2  u/mm  gate  width,  with  a 
contribution  of  the  contact  resistance  of  0.1  u/  mm 
(resistivity  contact  values  10’7  U.cnr).  Gate  resistan¬ 
ces  are  1  u/mm,  with  a  contact  resistivity  of  10" 5 
Ucm  z  .  Usually  gate  junction  characteristics  show  a 
negligeable  leakage  current,  about  100  nA  at  -  3  V. 

3.  J  -  FET  MODELLING 

Modelling  is  required  for  the  PIN  -  FET  structure 
and  design  optimization  in  order  to  obtain  a  high 
signal/noise  ratio.  The  model  can  be  also  used  in  the 


FIGURE  2 


Experimental  Id  (Vds)  characteristics  of  a  1  pm  gate 
length  JFET.  W  -  200  microns,  Nd  -  2.10 


parametrical  test  of  the  real  devices.  An  analytical 
approach  has  been  chosen  to  permit  an  easy  imple¬ 
mentation  on  desk  computers.  The  model  is  based 
on  the  classical  two  -  regions  model  [2],  with  specific 
parasitic  effects  of  the  geometry  of  the  gate  (diffused 
or  etched  P  -  region). 


3.1.  Cylindrical  junction 

The  diffused  region  section  can  be  represented  by  a 
rectangle  where  the  length  is  the  diffusion  mask  ope¬ 
ning  length  (1  micron),  the  width  is  the  diffusion 
depth  (0.8  micron),  and  with  two  rounded  parts  at  the 
edges  due  to  the  lateral  diffusion  under  the  mask 
(figure  3).  These  quasi  circular  regions  induce  specific 
depletion  regions  whose  radius  can  be  computed  from 
the  expression  of  the  electric  field  E(r)  of  a  cylindrical 
junction  of  radius  r  : 

E(r)  «  — - — -  (  r  p(r)  dr  +  COflstant 

Eoer  r  Jrj  r 

wherep(r)  is  the  electronic  charge  at  radius  -  r 


Assuming  Na,  P  -  type  doping  level  higher  than  Nd 
and  with  the  appropriate  boundary  conditions,  we  can 
deduce  the  potential  in  the  circular  depletion  region  : 


cyl 


(r) 


« w 


(i  ♦  £->  (l«l«  *  r*  •  °-5J  * o  s) 


The  lateral  extension  rdep  of  this  depletion  region  at 
drain  side  is  controlled  by  the  potential  Vgd.  If  Vb  is 
the  built  -  in  voltage  of  the  junction,  rdep  is  given  by 
the  equation  : 


Vcyl  ’  VB  "  VGD 

The  same  procedure  is  used  to  compute  the  lateral 
extension  of  the  depletion  region  at  source  side. 
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FIGURE  3 

Cross  -  section  of  the  2-D  depletion  region  of  the 
JFET.  Lateral  diffusion  is  responsible  of  cylindrical 
depletion  regions  at  the  edges  of  the  diffused  gate. 


3.4.  Exploitation  of  the  model 

The  model  can  calculate  the  two  main  elements  for 
the  signal  to  noise  ratio  Cgs:  the  gate  -  source  capaci¬ 
tance  and  gm:  the  transconductance.  The  S/N  ratio 
at  the  input  can  be  written  as  : 

S/ll  - ? - , _ 

/  <*  I'VVl  *  4  kT/"  4  *  ‘T  r  C?  J/sJ  df 
where  S  is  the  photodiode  sensitivity  and  P  the  optical 
power.  i0is  the  total  input  leakage  current,  R  the  bia¬ 
sing  resistor,  the  channel  noise  factor  and  C  the  total 
input  capacitance  (Cdiode  +  Cfet).  For  the  large 
bandwidth  envisioned  (JF  1  GHz),  the  signal/noise 
ratio  is  mostly  governed  by  the  factor  C?  /gm.  Figure 
4  shows  for  instance  the  variations  of  the  minimum 
detectable  power  with  the  channel  doping  level. 


3.2.  Channel  regions 

As  for  the  basic  two  -  region  model,  the  channel  is 
shared  in  two  parts  (see  figure  3)  :  the  first  one  (LI) 
where  the  mobility  is  constant,  and  the  second  one 
where  the  velocity  is  constant.  This  second  part  is 
shared  in  two  parts  also  :  the  length  L3  is  due  to  the 
influence  of  the  cylindrical  depletion  region  and  L2  is 
the  length  of  the  saturated  channel  due  to  the  vertical 
depletion  region.  If  zcyl  is  higher  than  the  vertical 
depletion  region  height  (a  ud),  the  length  L3  is  given 

l3  -  rww 

Otherwise  L3  -  0 


FIGURE  4 


3.3.  Current  calculation 


The  current  Ids  is  given  by  the  following  equation  : 


(  3  -  2  <un  -  u,l  ) 


where  Vp  is  the  pinch  -  off  voltage,  Ro  the  resistance 
of  the  channel,  L  the  channel  length,  and  u  ^  and  u  ^ 


are  given  by  : 

Un  =  1  * 


IdsRo 

ECL1 

-Vgs  +  Vb  +  Rslds 


US  =  <  Vp 

Further  analysis  leads  to  : 


1/2 


?  j  2Er*u. 
Vch.n  *  (“0  •  -I'  — V2- 


<(U  +  l«) 
sfnh  { - J. - 1 

Z,UD 


where  Vchan  is  the  voltage  drop  along  the  channel,  a 
the  channel  thickness. 


Variation  of  the  photodetector  input  noise,  assuming  a 
capacitance  of  0.1  pF  for  the  phototdiode.  Parameters 
:  electron  mobility  (at  10  16  cm~*  )  -  8000  cm2/Vs, 
saturation  velocity  -  2.5  101  cm/  s,  Vds  -  4  V.  D  : 
diffused  gate,  E  :  etched  gate.  1x200  :  gate  dimen¬ 
sions  (in  microns). 


4.  CONCLUSION 

JFET  with  gate  junction  made  by  Zn  diffusion  have 
been  successfully  realized  on  MBE  grown  InGaAs 
layers.  Values  larger  than  200  mS/mm  for  the  trans- 
conductance  have  been  measured  on  1  micron  gate 
length,  enhancement  mode  devices.  The  processing 
technology  is  compatible  for  the  integration  with  a 
photodiode.  An  analytical  model  has  been  used  to 
determine  the  influence  of  the  transistor  structure,  and 
its  parameters  such  as  channel  doping  level  and  gate 
dimensions,  on  the  PIN  -  FET  signal  to  noise  ratio. 
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Monolithically  Integrated  GalnAa/InP  pin/JFETs  have  been  taade  from  LPB  grown  material. 
The  method  at  integration  allows  the  pin  and  JFET  to  be  optimised  independently,  while 
keeping  stray  capacitance  extremely  low.  Similar  JFBTs  have  also  been  made  by  HOVPE. 


1.  INTRODUCTION 

Monolithic  integration  of  photodetectors 
and  PBTs  in  optical  receivers  is  advantageous 
for  improving  the  high  frequency  sensitivity 
by  reducing  stray  capacitance  [1]  -  see 
Figure  1,  for  simplifying  wavelength 
suiltiplex  systems,  for  obtaining  better 
reproducibility  and  eventually  for  opening 
the  way  to  low  cost,  high  performance 
wideband  suiltl-channel  optical  communication 
systems.  For  the  low  fibre  loss 
optical  windows  at  1.3  and  1.5  pm  wavelengths, 
the  conventional  detector  material  of 
epitaxial  GalnAs  on  an  InP  substrate  can  also 
be  developed  to  provide  a  good  basis  for 


n~  GalnAs 


FIGURE  1 

pin/FET  receiver  circuit 


FIGURE  2 

Drawing  of  integrated  pin/FET 
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Junction  fur*.  To  intocrntn  the  two  typo*  of 
devices  successfully  on  the  same  cubntrntn  it 
in  necessary  to  find  •  wanna  of  reconciling 
thoir  vary  different  requirements  in  terwa  of 
the  thickness  and  doping  level  of  the 
epitaxial  layers,  end  to  adept  the  diode  to  e 
saai-insulating  substrate.  We  have  achieved 
integration  by  fabricating  the  photodiode  in 
material  imbedded  by  LPB  growth  in  SI  InP  (2] 
and  combining  it  with  a  siaply  processed  JFBT 
which  uses  additional  LPB  layers  of  n-type 
GalnAs  for  the  channel  and  p-type  InP  for  the 
gate.  The  drawing  of  Figure  2  shows  one 
convenient  way  of  blending  the  p-aide  of  the 
pin  diode  with  the  p-InP  that  forms  an 
extension  of  the  gate  of  the  JPBT,  using  2n 
diffusion. 


2.  GROWTH 

This  structure  has  been  realised  by  a 
two-stage  LPB  process.  The  first  stage  is 
the  growth  of  the  n+  InP  back  contact  layer 
and  the  n  GalnAs  detector  layer,  and  an 
etch  stage  to  give  bars  of  detector  material 
embedded  in  the  semi-insulating  substrata. 

The  second  stage  is  the  growth  of  a 
four-layer  JFBT  structure: 

Contact  layer: 

0.1  urn  GalnAs,  p  «  2.101®cm-3 

Gate  layer: 

0.3  ma  InP,  p  -  6.l017cm-3 

Anti-melt-back  layer: 

0.05  pm  CalnAsP,  X  -  1.54,  undoped 

Channel  layer: 

0.2  pm  GalnAs,  n  «  6.10lficm~3 

Figure  3  shows  the  good  planarity  of  this 
process . 

3.  PROCESSING 

A  masked  cine  diffusion  forms  the 
p-electrode  of  the  photodiode.  The  gate 
pattern  (Ti/Pt/Au)  is  defined  by  the  lift-off 
process.  The  gate  is  etched  using  selective 


wet  etches  which  under  cut  the  metal.  The 
source  and  drain  contacts  ( AuCe/Nl/An)  are 
evaporated  to  form  self-aligned  (Figure  4) 
and  non-self -aligned  JFETs.  A  further  wet 
etching  stage,  using  a  photoresist  mask,  is 
used  to  isolate  the  devices.  A  completed 
pin/FBT  is  shown  in  Figure  6. 

4 .  PERFORMANCE 

The  measurements  in  this  paragraph  were 
made  on  individual  (not  integrated)  devices. 
We  find  a  photodiode  capacitance  down  to 
60  fT,  a  dark  current  of  3S  nA  and  quantum 
efficiency  greater  than  SOI  in  the  range 
1.3-1. 5  pm  11].  For  the  JFBTs  we  find  a 
transconductance  up  to  95  mS/nm  (Figure  S), 
and  a  junction  capacitance  of  1.7  pF/sa 
(measured  at  T(  »  O  on  a  device  with  gate 
length  about  2.5  pm).  This  gives  a 

creditable  ratio  C/g  of  18  ps  -  this  is  a 

0 

more  valid  smasure  of  usable  performance  than 

a  transconductance  measurement.  We  estimate 

that  the  internal  transit  time  is  about 

15  ps,  the  channel  mobility  is  over 
2 

6000  cm  /v.s  and  the  peak  velocity  about 
2.5  x  101  cm/s.  These  figures  show  that 
GalnAs  is  an  excellent  swterlal  for  high 
speed  transistors. 

The  integrated  pin/FETs  processed  have 
had  rather  lower  transconductance  and  higher 
photodiode  capacitance  than  the  discrete 
examples  swasured,  because  of  non-optimum 
layer  thickness  and  doping  levels.  However, 
the  integration  scbsM  appears  not  to  impose 
a  penalty  on  the  performance  of  tl>» 
components. 

Integrated  pin/FETs  have  been  mounted  on 
ceramic  and  back  illuminated  using  chopped 
light  from  a  monochromator.  A  circuit  as  in 
Figure  1  was  used.  A  voltage  gain  of  5  to  8 
was  obtained  in  trsnsimpedsnee  operation.  No 
high  frequency  measurements  have  yet  been 
made,  although  we  estimate  that  the  JFBT 
cut-off  frequency  is  over  6  GHs. 
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FET  layers 


n~GainAs 


n+lnP 


S.l.  InP 


FIGURE  3 


Four-layer  FET  growth  on  embedded  pin  structure 


FIGURE  4 

Cross-section  of  self-aligned  JFKT 


5.  HOTPK  JFKT 

We  have  also  realised  the  same  JFKT 
design  (without  the  antl-sMlt-back  layer)  by 
H0VPE  and  the  results  are  very  similar .  This 
work  is  at  an  early  stage  and  such  JFETs  have 
not  been  integrated  with  photodiodes. 

6.  CONCLUSION 

Pin  photodiodes  and  GalnAs/InP  JFETs, 
both  specifically  designed  for  integration, 
have  been  suds  by  an  LPE-based  process  and 
SMasured,  and  show  good  performance. 
Integrated  pin/FETs  have  been  made  and 
tested.  It  appears  that  the  integration 
scheme  does  not  degrade  the  performance  of 
the  individual  components. 


MOVPE-grown  JFETs  show  similar 
performance  to  the  LPE-grown  devices. 
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FIGURE  6 

A  coaplatad  int*gr«t«d  pin/PR 


950 


A4.2.3 


InfiaAs/InP  SAM  Photodetectors  Fabricated  bv  Structure  Controlled  Accent or  Diffusion 


E.KQhn,  N.K16tzer,  H.W.Marten,  A.Schmlech 


4.  Physikal isches  Institut  der  UnlversitSt  Stuttgart 
D  -  7000  Stuttgart  80,  Federal  Republic  of  Germany 


The  Cd-diffuslon  at  InP/lnGaAs  heterojunctions  was  Investigated  by  C-V  profiling  of 
p-n  junctions  located  on  the  InP-sIde  close  to  the  heterointerface.  A  compensated 
layer  in  front  of  the  heterojunction  Is  observed.  Reducing  the  distance  p-n  junc¬ 
tion-heterointerface  decreases  the  width  of  this  layer  causing  a  distinct  drop  of 
the  breakdown  voltage  of  the  junction.  This  effect  is  used  to  realize  SAM  APD's  with 
guard  ring  by  a  structure  controlled  modulation  of  the  distance  p-n  junction-hetero- 
interface.  Avalanche  gain  up  to  M  -  15  is  achieved.  The  breakdown  voltage  in  the 
multiplication  area  is  at  least  4CK  smaller  than  in  the  guard  ring  area.  A  back¬ 
ground  doping  level  Nq-2-3-1016ch‘3  in  the  InP-layer  Is  required  for  optimum  de¬ 
tector  operation. 


1)  INTRODUCTION 

Designing  efficient  InP/lnGaAs  SAM  avalanche 
photodetectors  for  long  wavelength  optical  fibre 
communication  (1.3-1. 6pm)  [1]  requires  a  well 
defined  optimization  of  the  detector  stucture.  An 
important  topic  of  design  Is  the  electric  field 
distribution  within  the  absorption  and  the 
multiplication  layer.  In  order  to  ensure  suffi¬ 
cient  avalanche  gain  the  minimum  electric  field 
strength  E  -  4.5*105V/cm  has  to  be  achieved  at 
breakdown  voltage  In  the  InP  layer  [2,3].  How¬ 
ever,  In  order  to  keep  tunneling  currents  from 
the  ternary  layer  negligible  the  electric  field 
must  not  exceed  1.9*10SV/cm  at  the  heterointer¬ 
face  [4,5]. 

Surface  leackage  currents  and  surface  break¬ 
downs  can  be  avoided  by  a  so-called  guard  ring 
which  1$  mostly  realized  by  a  double  diffusion 
process  [6],  or  diffusion  through  a  S102  barrier 
[7],  or  the  so-called  self-guard  ring  effect  [8]. 

However,  In  the  case  of  p-n  junctions  prepared 
by  acceptor  diffusion  close  to  the  heterointer¬ 
face  there  Is  a  lack  of  detailed  knowledge  con¬ 
cerning  the  exact  Impurity  profile.  Thus  the  de¬ 
sign  of  efficient  detector  structures  is  rather 
difficult.  In  this  work  we  report  on  the  Influ¬ 
ence  of  InP/lnGaAs  hetero junctions  on  Cd-dif¬ 
fuslon  profiles.  Based  on  these  studies  we  suc¬ 


ceeded  In  preparing  guard  ring  APD's  by  a  single, 
structure  controlled  diffusion  process. 

2.  Cd-DIFFUSION  PROFILES 

For  homogeneous  III-V  compounds  such  as  InP 

16  -3 

with  background  doping  levels  fU  <  5*10  cm 
the  acceptor  diffusion  leads  to  p  -p-n  structures 
[9],  The  Impurity  profiles  reveal  two  diffusion 
fronts  I.e.  a  steep  decay  of  the  acceptor  concen¬ 
tration  at  the  ;/-p  junction  with  an  adjacent 
slightly  graded  (error  function  shaped)  Impurity 
tail. 

In  the  case  of  p+-p-n  junctions  located  close 
to  abrupt  InP/lnGaAs  heterojunctions  drastically 
different  impurity  profiles  are  observed  which  Is 
briefly  outlined  below  (for  a  detailed  discussion 
see  [10]).  Fig.  la  shows  the  apparent  carrier 
concentration  profiles  of  p-n  junctions  with  the 
p+-p  junction  located  3.5pm,  2.2pm,  1.8pm,  and 
1.5pm  In  front  of  a  InP/lnGaAs  heterojunction. 
The  profiles  (fig.  lb)  were  obtained  by  C-V  pro¬ 
filing  of  mesa  diodes  prepared  from  a  Cd-dlffused 
InP/InGaAs/InP  heterostructure  with  a  bevelled 
InP  top  layer.  Due  to  the  steep  slope  of  the 
Impurity  concentration  at  the  p+-p  junction  these 
profiles  actually  represent  the  net  carrier  con¬ 
centration  on  the  n-$1de  of  the  p-n  junction. 

The  profiles  reveal  a  low  net  carrier  concen- 
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DISTANCE  FROM  HETEROJUNCTION  ClO^cm] 


Figure  1 

«)  Net  carrier  density  profiles  of  mesa  diodes 
prepared  by  Cd-dlffuslon  Into  an  InP/InGaAs/InP 
sample  with  bevelled  InP  top  layer.  Profile  1-4: 
(mean)  distance  p+p-junct1on  •  heterojunction  de¬ 
creasing  from  3.5pm  to  J.5pm.  InP  background 

30m1n,  bevelling  angle  H>-250. 
b)  Schemtlc  cross  section  of  the  sample. 


tratlon  compensated  to  approximately  1/5  of  the 
background  doping  level  (profile  1,  region  a) 
followed  by  a  steep  Increase  nearly  up  to  the 
background  doping  level  (region  b)  which  Is 
caused  by  a  decay  of  the  Cd-concentratlon  In 
front  of  the  heterojunction.  The  position  of  the 
heterointerface  Is  determined  by  comparing  these 
n(x)  profiles  with  non-bevelled  mesa  diodes  where 
the  accumulation  and  depletion  layer  of  the 
heterojunction  can  be  clearly  Identified.  Within 
the  ternary  layer  (region  c)  the  net  carrier  den¬ 
sity  Is  equal  to  the  background  doping  level.  The 
compensation  factor  mentioned  above  depends  on 
the  background  doping  level  and  decreases  to  1/2 
for  Njj  -  2«1016cm'3.  With  decreasing  distance 
p+-p  junction  -  heterojunction  (profiles  2,  3, 
and  4)  the  width  of  the  compensated  region  a  de¬ 
creases  from  3.0pm  to  1.3pm  whereas  the  net 
carrier  concentration  gradient  Increases  from 
5*10*®cm"*  to  8-1019cm"*.  Thus  a  reduction  of  the 
breakdown  voltage  has  to  be  expected  In  analogy 
to  a  p+-p-n  junction  with  decreasing  v- layer 
width.  This  correlation  between  Cd-impurlty  pro¬ 
files  and  breakdown  voltages  might  also  explain 
the  'self-guard  ring'  effect  reported  in  [8]. 

3.  SAMPLE  PREPARATION 

SAM  avalanche  photodiodes  with  guard  ring  were 
fabricated  using  InP/InGaAs  double  heterostruc¬ 
tures:  S-doped  substrate,  4.5pm  LPE  InGaAs  layer 
(Nq  -  2.10lficm'3),  5.1pm  VPE  InP  layer  (N0  - 
1.5*1016cm"3).  In  order  to  prepare  guard  ring  and 
multiplication  area  simultaneously  by  a  single 
diffusion  process,  cyllndrlc  cavities  (diameter 
60pm,  depth  1.5pm)  were  etched  Into  the  InP  top 
layer  (H2S04:H202:H20  -  8:1:1,  60°C).  Afterwards 
different  diffusion  experiments  were  carried  out 
at  T^^  -  610°C  using  a  CdjP2  +  P^  source.  The 
diffusion  time  was  varied  In  the  range  40m1n  <, 
t^ff  s  60m1n.  Due  to  the  surface  structure  the 
diffusion  front  Is  located  closer  to  the  hetero¬ 
interface  below  the  cavities.  Thus  the  breakdown 
voltage  of  this  (multiplication)  area  Is  re¬ 
duced  compared  to  of  the  surrounding  (guard 
ring)  area.  Since  the  breakdown  voltage  and 
therefore  the  multiplication  properties  are  ex- 
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Figure  2 

Schematic  cross  section  of  a  guard  ring  SAM  APD. 
Dashed  line:  p-n  junction.  The  reduction  of  the 
distance  p-n  junction  -  heterointerface  below  the 
cavity  results  In  a  decreased  breakdown  voltage 
(multiplication  area). 

tremely  sensitive  to  slight  variations  of  the 
distance  p-n  junction  -  heterointerface,  the 
uniformity  of  the  avalanche  gain  essentially  de¬ 
pends  on  the  flatness  of  the  cavity  bottom:  with 
the  above  given  HjSO^-etchant  the  uneveness  Is 
restricted  to  the  range  A  <  70nm.  After  evapo¬ 
ration  of  ohmic  contacts  APD's  were  prepared  by 
etching  concentric  mesas  around  each  cavity  (dia¬ 
meter  100pm,  H8r:H202:H20  -  10:1:10,  see  fig.  2). 

4.  DEVICE  PROPERTIES 

Avalanche  gain  up  to  M  •  IS  Is  achieved 
(tdiff  -  40m1n).  With  Increasing  diffusion  time 
the  maximum  multiplication  factor  decreases  to 
M  ■  3.5  (td1ff  -  60m1n)  presumably  caused  by  a 
higher  voltage  drop  across  Internal  series  re¬ 
sistances  due  to  Increasing  dark  currents  [11]. 

The  absence  of  local  breakdowns  (microplasma 
effects)  was  proved  by  spatially  resolved  photo¬ 
current  measurements  as  well  as  noise  measure¬ 
ments  In  the  100kHz  -  1MHz  frequency  range  re¬ 
vealing  white  photocurrent  noise  and  multiplica¬ 
tion  noise  spectra. 

The  high  frequency  response  was  measured  using 
a  Nd:YAG  laser  &  -  1.06pm,  120ps  pulse  length). 
Pulse  rise  times  r  s  125ps  and  half  widths 
Ar  s  165ps  are  achieved  at  M  -  4  (td<ff  -  SOmln). 

Typical  photocurrent-voltage  characteristics 
for  the  three  different  diffusion  series  (td1^  - 
40m1n,  SOmln,  and  60m1n)  are  shown  In  fig.  3.  As 
predicted  In  chapter  2  the  onset  of  avalanche 
multiplication  Is  reduced  to  lower  voltages  with 
decreasing  distance  p-n  junction  -  heteroin ter- 
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Figure  3 

Photocurrent  multiplication  versus  reverse  bias 
for  different  distances  p+-p  junction  -  hetero¬ 
junction  (t<jiff-40w1n,  SOmln,  and  60m1n). 

face.  Simultaneously  the  breakdown  voltage  de¬ 
creases  from  57V  (td1ff  -  40m1n)  to  37V  (td1ff  - 
60m1n).  The  dependence  of  the  breakdown  voltage 
on  the  distance  Ad  between  the  p-n  junction  and 
the  heterointerface  was  found  to  be  very  sensi¬ 
tive  for  low  values  of  Ad  (fig.  4). 
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Figure  4 

Dependence  of  the  breakdown  voltage  on  the  dis¬ 
tance  p+-p  junction  -  heterointerface. 

For  all  samples  the  breakdown  voltage  of  the 
multiplication  area  proved  at  least  40X  smaller 
compared  to  the  guard  ring  area.  Further  enhance¬ 
ment  of  the  maximum  avalanche  gain  without  loss 
of  the  guard  ring  effect  should  be  achieved  by 
Increasing  the  distance  p-n  junction  -  hetero¬ 
interface  in  the  multiplication  area. 

5.  DISCUSSION 

As  mentioned  above  sufficient  avalanche  gain 


953 


requires  E  i  4.5*105V/cm  at  the  p-n  junction, 
i.e.  the  charge  density  o  -  3*10*2cm'2  has  to  be 
depleted  from  both  the  InP  and  the  InGaAs  portion 
of  the  space  charge  layer.  In  order  to  avoid  sig¬ 


nificant  tunneling  currents  the  charge  density 

depleted  froa  the  InGaAs  layer  Bust  not  exceed 
12  -2 

o  -  1*10  cm  [12].  Fig.  5  shows  the  apparent 


heterostructures  leads  to  a  coapensated  layer  in 
front  of  the  heterojunction.  Reducing  the.  dis¬ 
tance  p+-p  junction  -  heterointerface  decreases 
the  width  of  this  layer  and  slaultaneously  re¬ 
duces  the  breakdown  voltage.  SAM  avalanche  photo¬ 
detectors  with  guard  ring  were  realized  utilizing 

this  effect.  Due  to  the  compensated  layer  an  InP 

16  -3 

background  doping  level  Nq  -  2-3*10  cm  is  re¬ 
quired  to  avoid  tunneling  currents  froa  the  ter¬ 
nary  layer. 
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MONOLITHIC  INTEGRATION  OF  A  Ga-  ..  Inn  „  As  PHOTOCONDUCTOR  WITH  A  n~/n*  GaAs  RIB 
WAVEGUIDE  s  A  SIMPLE  DESIGN  OEVICE 


F.MALLECOT,  J.P.VILCOT,  D. DECOSTER,  M.RAZEGHI 

Centre  Hyper frequences  et  Semiconducteur , 

UA  CNRS  287,  University  des  Sciences  et  Techniques  de  Lille  Flandres-Artois 
$9655  Villeneuve  d'Ascq  Cedex,  France. 

Laboratoire  Central  de  Recherches,  Thomson-CSF,  Domaine  de  Corbeville 
91401  Orsay  Cedex,  France. 


We  report  the  first  fabrication  of  an  optoelectronic  integrated  circuit  constituted  of 
a  Ga0  Inn  „  As  planar  photoconductive  detector  (suitable  for+1.3M*  -  1*55jj» 
wavelength  optical  communication  systems)  associated  with  a  n  /n  GaAs  rib  waveguide. 
The  capabilities  of  such  a  device  to  detect  a  part  of  a  light  propagating  inside  the 
waveguide  are  experimentally  demonstrated. 


Photodetectors  directly  integrated  with 
optical  waveguides  are  basic  devices  for 
optoelectronic  integrated  circuits  (O.E.I.C. 's) . 
Several  structures  have  been  previously 
proposed  in  Si,  GaAlAs/GaAs,  GalnAsP/InP  [1] 
and  more  recently  in  GalnAs/InP  [2], 
GalnAlAs/InP  [3]. 

These  last  devices  can  be  used  for  1.3- 
1.5m»  wavelengths  signal  detection. 
Nevertheless,  it  is  well-  known  that  problems 
occur  for  the  fabrication  of  field  effect 
transistors  on  InP  substrates.  As  a 
consequence,  we  present  an  other  original 
solution  whicr  consists  of  the  fabrication  of 

a  Ga0  47  *n0  53  As  Ptotoconductive  detector 

integrated  with  a  GaAs  rib  waveguide  using  a 
GaAs  substrate.  The  rib  waveguide  is  made  on  a 
classical  n'/n+  GaAs  homojunction. 

A  schematic  view  of  the  device  is  given  in 
figure  1.  The  optical  wa.cguide  is  constituted 
of  an  undoped  GaAa  layer  grown  by  M.B.E.  on  a 
n  type  highly  doped  GaAs  substrate;  the  fib 
waveguide  is  obtained  by  an  ion  milling  of 
1.2m*  of  the  undoped  epilayer.  The  dimensions 
of  the  rib  (6m*  x  1.2m»)  and  the  undoped 
epilayer  thickness  (4 pa)  have  been  calculated 
in  order  to  provide  a  monomode  propagation  for 
1.3-1. 55m*  wavelength  optical  signals.  A 


O— 
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contact 
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FIGURE  1 

Schematic  views  of  the  device. 


GSq  47  InQ  53  As  layer  (about  1m*  thick)  is 
deposited  on  the  undoped  GaAa  layer  in  order 
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to  fabricate  the  photoconductive  detector. 
This  strained  heteroepitaxy  is  grown  by 
L.P.M.O.C.V.D. .  Because  of  the  higher 
refractive  index  of  the  GalnAs  top  layer,  the 
propagation  modes  inside  the  GaAs  optical 
waveguide  become  leaky  and  the  light  can  be 
detected  by  the  GalnAs  photodetector.  Two 
ohmic  contacts  are  deposited  on  the  GalnAs 
layer  to  fabricate  the  electrodes  of  the 
photoconductor.  The  electrode  spacing  is  50pn. 
The  GalnAs  layer  has  been  etched  (ion  milling) 
down  to  the  undoped  GaAs  layer  except  for  the 
area  corresponding  to  the  photoconductive 
detector.  A  photograph  of  the  device  is  given 
in  figure  2. 


FIGURE  2 

Photograph  of  the  device. 


The  capabilities  of  the  device  to  detect  a 
part  of  the  light  propagating  inside  the 
waveguide  have  been  tested.  First,  we  present, 
in  figure  3,  the  steady  state  photocurrent 
when  the  light  (supplied  by  a  1.06yn  YAG 
laser)  is  focused,  via  a  microscope  objective, 
on  a  cleaved  edge  of  the  waveguide. 

By  the  comparison  between  these  values  and 
those  obtained  when  the  light  is  impinging  on 
the  top  of  the  photoconductor,  the  ratio 
between  detected  light  power  and  propagating 
light  power  has  been  found  close  to  10S.  The 
influence  of  the  coupling  between  the  light 
beam  end  the  cleaved  edge  of  the  waveguide  has 


Measured  photocurrent  when  light  is 
propagating  inside  the  waveguide  (P1=220^W) . 

also  been  studied.  As  an  example,  we  report 
the  measured  photocurrent  when  the  light  beam 
is  shifted  along  an  axis  perpendicular  to  the 
epitaxial  plane  (figure  4);  the  highest 
photocurrent  is  observed  for  the  maximum 
coupling. 

A  parameter  which  characterizes  the 
photoconductor  is  the  gain  [  <];  it  is  the 
number  of  electrons  collected  in  the  external 
circuit  for  one  incident  photon.  In  figure  5, 
we  show  the  gain  of  the  photoconductor  versus 
bias  voltage  when  the  light  is  impinging  on 
the  top. 

It  can  be  observed  that  the  gain  increases 
when  the  bias  voltage  increases,  corresponding 
to  a  decrease  of  the  transit  time  T^.  of  the 
electrons,  according  to  the  expression  of  the 
gain  G  -  V  Tv  CSI  U1  .  t  is  the  electron- 
hole  pair  lifetime  whose  value  could  be 
connected  to  trapping  effects  at  the  GaQ  ^ 
Ing  As/  GaAs  interface.  The  low  value  of 
the  gain,  as  it  has  already  been  observed 
[7], is  explained  by  a  short  lifetime  Ty,  as 
it  can  be  observed  on  the  picosecond  response 
(figure  6).  This  result  indicates  that  this 
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Measured  photocurrent  when  the  light  beam  is 
shifted  along  an  axis  perpendicular  to  the 
epitaxial  plane. 


detector  could  be  useful  for  gigahertz 
receiver  applications. 

The  noise  properties  of  the  photoconductor 
have  been  investigated  in  the  lOMHz-I.SGHz 
frequency  range  using  a  HP  8970A  noise  figure 
meter.  Our  experimental  results  (figure  7) 
show  a  high  1/f  noise  for  frequencies  lower 
than  100MHz.  As  it  is  commonly  observed  in 
I1I-V  materials  [8]  it  is  reduced  for  higher 
frequencies,  to  be  close  to  the  thermal 
(Nyquist)  noise. 


FIGURE  5 

Gain  of  the  photoconductor  versus  bias  voltage 
when  the  light  is  impinging  on  the  top. 


FIGURE  6 

Picosecond  response  of  the  photoconductor. 


In  conclusion,  our  results  show  that  it  is 
possible  to  fabricate  photoconductors 
monolithically  integrated  with  rib  waveguides 
suitable  for  1.3-1.55tm  wavelength  operations 
using  GalnAs/GsAs  strained  heteroepitaxies. 
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The  Molecular  beaa  epitaxial  growth  of  high  quality  InGaAlAs/InP  and  its  application  to  low 
loss  passive  optical  waveguides  and  waveguide- integrated  photodiodes  for  operation  at  1.56 
pa  is  described.  The  cheaical  etching  characteristics  of  the  layers  were  optiaized  in  order 
to  fabricate  low  loss  (2.2  dB/ca)  ridge  waveguides.  Integration  of  the  waveguides  with  an 
InGaAs  pin  photodiode  is  deaonstrated  using  absorption  of  the  guided  light  by  leaky 
coupling  from  the  XnGaAlAs  guiding  layer  into  the  higher  index  InGaAs  absorbing  region  con¬ 
taining  a  p/n  junction.  The  devices  showed  external  quantua  efficiencies  as  high  as  20%  for 
operation  at  1.55  pa  wavelength.  This  is  the  first  deaonstration  of  a  Monolithic  Integrated 
waveguide  device  in  the  InGaAlAs/lnP  Material  syttea. 


1 .  INTRODUCTION 

Monolithic  integration  of  optical  and 
optoeletronic  functions  on  a  single  chip  is  a 
strong  requireaent  for  the  developaent  of 
lightwave  coaaunication  systaas  at  the  wave¬ 
lengths  of  1.3  and  1.55  pa  [1].  A  basic  coa- 
ponent  for  such  circuits  is  a  photodiode 
directly  integrated  with  an  interconnecting 
low  loss  waveguide  to  provide  either  an  end¬ 
line  or  a  aonitor  detector.  Several  applica¬ 
tions  are,  for  exaaple,  laser-aonitor  detector 
integration,  end-line  detection  in  wavelength 
deaultiplexing  or  in  heterodyne  optical  cir¬ 
cuits,  in-line  Monitor  detection  for  feedback 
operations.  Here  we  report  on  H8E  growth  of 
high  quality  InGaAlAs  /In P  and  its  application 
to  low  loss  optical  waveguides  and  aonolithi- 
cal  Integrated  waveguides  photodiodes  for 
operation  at  1.65  pa. 

2.  InGaAlAs  NBE  GROWTH 

High  quality  InGaAlAs/InP  layers  with 
bandgap  0.85pa  (InAIAs),  1.042pa,  l.29pa  and 
1.63pa  (InGaAs)  were  grown  in  a  VG80H  twin 
chaaber  MBE  systea  with  continuous  substrate 
rotation,  provided  with  an  Interlock  for  the 
fast  reloading  of  the  arsenic  contained  in  a 
cracker  cell.  The  deteraination  of  the  proper 
growth  conditions  was  obtained  opt:a1sing  the 


intensity  of  photo luaine sconce  spectra  and 
their  full-width  at  half  aaxiaua  (FWHH)  as 
described  elsewere  [2].  The  coaposition  with 
bandgap  1.29  pa  used  in  devices  fabrication 
showed  defect  densities  as  low  as  2000  cm'2, 
with  a  4K  full  width  at  ha If -aaxiaua  (FWHM)  of 
23  aeV  and  double  crystal  (DC)  x-ray  profiles 
with  FWHM  of  17.5"  of  arc,  with  background 
doping  levels  as  low  as  3  101B  ca-3  [2J. 


Fig.  1  -  X  ray  DC  profile  for  a  ternary  InGaAs 
layer 

InGaAs/InP  heterostructures  showed  a  4K 
photoluainescence  FWHM  of  6.1  aeV  on  2.5  pa 
thick  n-doped  aaaples.with  a  DC  x-ray  FWHM  of 
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12.48"  of  arc  as  shown  In  Fig.  1,  which  Is  tha 
narrowest  llnewldth  aver  reported  for  this 
Material  [2]. 

3.  DEVICE  TECHN0L06Y  MO  RESULTS 

To  test  waveguldlng  In  InGaAIAs/InP  at  1.65 
pa,  ridge  waveguides  were  chealcally  etched  on 
quaternary  layers  with  bandgap  1.2  pa.  A  de¬ 
tailed  study  of  the  cheaical  etching  characte¬ 
ristics  of  (001)  oriented  InAIAs/InP  and 
InGaAs/lnP  heterostructures  was  previously 
carried  out  [3],  In  order  to  define  the  best 
conditions  for  waveguide  Morphology  and  to  ca¬ 
librate  the  etch  rates  for  devices  fabrica¬ 
tion.  The  etch  rates  and  the  etch-revealed 
planes  were  deteralned  on  stripes  oriented  a- 
long  the  [110]  and  [110]  directions  and  on 


ridges  Made  on  the  quaternary  coaposltlon  with 
bandgap  1.042  pa.  To  Integrate  the  ridge  wave¬ 
guides  with  an  InQaAs  photodiode  we  used  the 
structure  scheaatlcally  Illustrated  In  Fig. 2. 

Absorption  of  the  guided  light  Is  provided 
by  leaky  coupling  f roe  the  quaternary  guiding 
layer  Into  the  higher  Index  InQaAs  absorbing 
layer.  The  use  of  the  ridge  structure  das  the 
advantage  of  not  requiring  regrowth  onto  non- 
planar  substrated  or  localized  growth  of  the 
absorbing  InGaAs  Material.  The  layers  sequence 
consists  of  a  2.5  pa  thick  undoped  InGaAlAs 
layer  with  bandgap  1.29  pm,  followed  by  an 
undoped  InGaAlAs  layer  with  a  thickness  of 
.5  pa  and  then  by  a  2.5  pa  thick  p+  InGaAs 
layer. 

The  device  structure  was  defined  by  first 


circular  Mesa  structures  for  the  H3PO4  -.  H2O2 
:  H20,  H2SO4  :  H202  :  H20  and  Sf2  -  CH3COOH 
etching  systeas.  Slallar  etching  characteri¬ 
stics  were  obtained  for  the  InGaAIAs/InP 
quaternary  layers.  Losses  as  low  as  2.2  dB/ca 
at  1.55  pa  were  observed  on  ridge  structures 
grown  both  on  n*  and  seal-insulating  InP 
substrates  [4].  Low  loss  waveguldlng  (<5 
dB/ca)  at  1.3  and  1.55  pa  was  also  observed  on 


etching  the  photodiode  aesa  through  a  SI3N4 
aask  down  to  the  InGaAs/ InGaAlAs  Interface 
with  a  H3PO4  :  H202  :  1130  1:8:40  etching  solu¬ 
tion.  Then  the  ridge  waveguides  were  etched 
through  '  photoresist  aask  with  a  ridge  step 
Of  1  pa.  Finally,  the  top  contact  geoaetry  was 
defined,  and  the  structure  was  passivated  with 
photo-CVD  S13N4  [5].  The  top  contact  was  Bade 
in  an  external  lateral  pad,  in  order  to  bond 


InGaAlAs 

QUATERNARY  InGaAs  (n*)  InGaAs  (p*) 

GUIDING  LAYER  (n~)  DETECTING  LAYER  DETECTING  LAYER 


METAL  TOP  CONTACT 


the  devices  outside  the  photodiode  seta.  A 
scanning  electron  Micrograph  of  a  Mounted 
device  is  shown  in  fig.  3,  showing  the  lateral 
contact  pad  geoaetry  and  the  cleaved  facets  of 
the  ridge  waveguide. 


Fig.  3  -  Micrography  of  a  Mounted  device 

Ti/Au  and  Au-Sn  were  used  as  top  and  bottom 
contacts,  respectively.  The  device  lengths 
were  200,  300  and  400  pm,  while  the  ridge 
widths  were  10,  20,  30  and  50  pm.  The  Measured 
external  quantum  efficiencies  of  the  devices 
are  as  high  as  20%  for  butt-coupling  to  a 
single  mode  fiber.  After  correction  for 
reflection,  coupling  and  propagation  losses, 
the  devices  internal  quantum  efficiencies  are 
estimated  to  be  80-100%,  depending  on  the 
device  length.  Bandwidths  of  600  MHz  have  also 
been  Measured,  which  can  be  greatly  increased 
by  reducing  the  photodiode  dimensions  to 
obtain  low  capacitance  diodes  for  high  speed 
operation  [6J. 


4.  CONCLUSIONS 

In  conclusion,  we  have  demonstrated  the 
first  integrated  waveguide  device  in  the 
InGaAlAs/InP  material  system  by  integrating  a 
low  loss  InGaAlAs  ridge  waveguide  with  an 
InGaAs  photodiode  for  operation  at  1.55pm. 
This  demonstrate  the  potential  of  InGaAlAs  for 
the  development  of  high  quality  waveguide 
devices  for  Integrated  optics  applications. 
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A  New  Simple  Analytical  Evaluation  of  Minority  Carrier  Current  in 
Arbitrarily  Doped  Region  with  Non-thermal  Generation  of  Carriers 
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A  simple  general  analytical  solution  to  the  minority  carrier  transport  equations  in  an  arbitrarily  doped 
semiconductor  (Si,  GaAs,  and  InGaAsP)  region  is  obtained  by  including  an  arbitrary  non-thermal  source 
term  in  the  continuity  equation.  Internal  quantum  efficiencies  resulting  from  AMI  illumination  in  gaus- 
sian  doped  silicon  emitters  are  calculated  by  the  new  analytical  expression  and  compared  with  "exact" 
computer  calculations. 


1.  Introduction. 

Evaluation  of  minority  carrier  current  in  a  semicon¬ 
ductor  region  in  the  presence  of  external  generation  is  a 
classical  problem.  When  the  semiconductor  region 
wherein  generation  takes  place  has  doping  gradients  and 
has  been  moderately  or  heavily  doped  (as  for  example  in 
emitters  of  solar  cells),  an  analytical  evaluation  of 
minority  carrier  current  in  such  a  region  becomes 
extremely  difficult  and  invariably  one  resorts  to  numeri¬ 
cal  methods  of  solution  because  the  lifetime,  mobility 
and  bandgap  become  position  dependent. 

Taking  into  account  experimentally  determined  dop¬ 
ing  dependencies  of  lifetime  (SRH  and  Auger),  bandgap 
narrowing  and  mobility  we  have  obtained  for  the  first 
time  a  simple  and  yet  a  general  analytical  solution  to 
minority  carrier  transport  equations  in  an  arbitrarily 
doped  semiconductor  (Si,  GaAs  and  InGaAsP)  region  by 
including  an  arbitrary,  non-thermal  generation  of  car¬ 
riers  such  as  due  to  light,  e-beam,  x-rays  etc.  This  solu¬ 
tion  is  useful  for  numerous  applications  in  solar  cells, 
photo  detectors  etc. 

2.  Theory 

A  new  relation  between  transport  parameters  is 
recognized  [1]  and  is  used  in  deriving  the  analytical  solu¬ 
tion;  the  new  relation  being 

— — — —  ■■  C,  ■»  constant  (1) 

where  Dm  is  minority  carrier  diffusion  coefficient 
(m>norplo  denote  electrons  or  holes),  m„  is  ther¬ 
mal  equilibrium  minority  carrier  density  and  Lm  is 


minority  carrier  diffusion  length  in  the  semiconductor. 
Recently  Del  Alamo  and  Swanson  [2]  have  experimen¬ 
tally  measured  the  product  p0Df  and  diffusion  length  Lp 
in  N-type  silicon  as  functions  of  doping.  We  have 
plotted  the  ratio  Dfp0/Lr  as  a  function  of  doping  in  Fig. 
1  and  we  find  this  ratio  to  be  essentially  a  constant  (l|. 


DONOR  CONCENTRATION,  NQ  tern'3) 


FIGURE  1 

The  newly  defined  quantity  Z^Po/L,  plotted  as  a  func¬ 
tion  of  donor  density  ND  in  silicon  .  The  product  Dfp9 
and  Lr  are  experimentally  determined  by  Del  Alamo 
and  Swanson  [6].  The  lines  are  from  references  4  and  5. 

The  experimental  data  of  Del  Alamo  and  Swanson  |2] 
used  in  calculating  this  ratio  in  (1)  were  obtained  at 
292  ‘K.  The  value  of  C,  at  300  'K  plotted  in  Fig.  1. 


«m  determined  by  fitting  independent  lifetime  dntn  of 
other  worker*  a*  shown  in  (4-5]  and  the  Take  of  C,  at 
393  *K  plotted  in  Pig.  I  was  determined  merely  by 
interpolation.  A a  aeen  in  Fig.  1,  this  rake  of  C, 
(393*K)  is  found  to  be  a  remarkably  good  fit  of  the 
relation  (1). 

This  relation  had  been  found  to  be  true  for  GaAs  and 
InGaAaP  as  well  [3-4].  Using  (1)  we  obtain  minority  car¬ 
rier  transport  equations  in  terms  of  the  normalised 
excess  minority  carrier  density  «(  “  m/m,;  m  is  excess 
minority  carrier  density)  as  follows 

PJ-itfeJm-jJ-  W 

d*u  I  AUm  dm _ u_  _  G(x)  ... 

dx*  I*  dx  dx  L*  C.l *  W 

The  general  solution  of  the  continuity  equation  (3)  using 
the  standard  boundary  conditions  given  k  (13)  and  (13) 


«(x)— |A(x)  +  i4|jsinh/f<(x)+ 

| B(x)  +  Bl]coshK'i(i)  (4) 

and  therefore 

Piu(*)  I |{A(s)+A,}coshA:i(i)+ 

(B(x)+B1}ainh/fi(*)]  (5) 


where  A(x)  and  B(x)  are  simple  integrals  involving  gen¬ 
eration  rate  G(x)  and  one  hyperbolic  function  of  Ki{x) 
and  A|  and  Bj  are  constants  as  follows: 

M*) - 4-f G(\)ccxkKH\)d\  (5) 

*'•  e 

B(x)--£-fa(\)mnhKH\)d\  (7) 

A  _  A(wkmhKi(w)+B{u/)c<*hJCi(w)  ... 

1  ainh/ft(«o)+S/CoshXi(w)  '  ' 

(9) 


and  the  two  dimentionltx*  parameters  K*  number  and 
Surface  Factor  Sr  are  given  by 


9 


Ki(x)-J 

e 


d\ 


s  Dm(0) 

'  SM  o) 


(10) 

(11) 


The  boundary  conditions  are 


u(w)  -  0 

(12) 

•f«(0)  ”  qSmmdP)u(0) 

(13) 

where  Sm  is  the  recombination  velocity  of  minority  car¬ 
riers  at  the  contact  (x  —  0)  and  the  junction  is  assumed 
to  be  at  x  »  w. 


F“ 


FIGURE  2 

Comparison  of  the  new  analytical  evaluation  of  internal 
quantum  efficiency  with  the  “exact*  computer  solutions 
of  Ref.  6.  The  dashed  curve  is  due  to  the  analytical 
method  of  Del  Alamo  and  Swanson  in  Ref.  6.  Silicon 
gauasian  emitters  with  surface  doping  density 
Np  ™  10*°cm“*  and  background  p-type  doping  density 
of  Ni  »  lO^cm-*  are  assumed.  Surface  recombination 
velocity  for  holes  Sf  —  104cm/s. 


3.  Results  and  Discussion 

Using  the  analytical  expression  in  (5)  we  have  calcu¬ 
lated  the  internal  quantum  efficiency  of  Gaussian  doped 
n-type  silicon  emitters  for  AMI  illumination  using  the 
rates  given  in  (7|.  Our  results  are  compared  with  the 
“exact*  computer  calculations  of  Del  Alamo  and  Swan¬ 
son  [5]  in  Fig.  2  and  3  for  different  emitter  thicknesses. 

We  have  assumed  that  temperature  T  =  300  ’  K  and 
C,  —  3.16  X  10*  cm-1s-1  [8]  for  all  the  comparisons  in 
Figures  2  and  3. 
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FIGURE  3 

Comparison  of  the  present  analytical  evaluation  of  inter¬ 
nal  quantum  efficiency  -with  the  exact  computer  simula¬ 
tion  results  of  Ref.  6.  for  thicker  emitters.  Surface 
recombination  velocity  for  holes  Sf  =  10s  cm/s  and 
other  parameters  are  the  same  as  for  Fig.  2. 


As  we  can  see  from  these  figures,  the  predictions  of 
the  simple  expression  in  (5)  are  remarkably  close  to  the 
exact  computer  solution  even  for  thick  emitters.  Appre¬ 
ciable  errors  occur  only  for  Si  emitters  thicker  than  5 
lim;  even  then  acceptable  errors  of  around  10  -  20%  are 
encountered  which  are  well  within  the  accuracy  with 
which  we  can  determine  the  transport  parameters. 
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A  numerical  method  based  on  the  Gummel-Poon  model  is  presented,  which 
permits  to  calculate  the  components  of  the  base  resistance  from  the  layout 
and  easily  accessible  DC-parameters.  The  calculated  results  are  compared 
with  results  derived  from  measured  S-parameters. 


1.  INTRODUCTION 

One  of  the  most  important  factors  limiting 
the  switching  speed  of  high-speed  transistors  is 
the  base  resistance,  since  the  base  has  to  be 
charged  or  discharged  via  this  resistance. 
Thus,  its  exact  knowledge  is  indispensable  for 
optimizing  the  circuit  design.  Conventional 
analytical  methods  to  estimate  the  base 
resistance  are  no  longer  sufficient  because  of 
second  order  effects  such  as  current  crowding, 
base  width  modulation,  Early-  and  Kirk-effect. 
Our  method  is  based  on  the  Gummel-Poon 
model  and  hence  includes  these  effects, 
automatically. 

2.  CALCULATION 

Fig.  I  shows  a  schematical  cross-section  of  the 
emitter-base  complex  of  an  advanced  self- 
aligned  bipolar  transistor  with  polysilicon 
contacts  (PSA). 

The  tour  components  of  the  base  resistance 
are: 

1)  contact  resistance  of  the  base 

2)  resistance  of  the  polysilicon  on  SiO^ 

3)  resistance  of  the  polysilicon  /  monosilicon- 
diffused  double  layer 

4)  the  resistance  of  the  active  base  region 


No  linkage  problem  between  region  (3)  and  (4) 
was  observed  in  our  transistors.  Therefore  this 
division  is  a  complete  one. 


Cross  section  through  the  emitter  base  complex 
showing  the  four  components  of  the  base  resistance. 


The  base-resistance  calculation  which  is  three- 
dimensional  in  reality,  was  solved  in  two 
dimensions  in  the  top  view  projection.  This 
approximation  is  certainly  permissible  if  the 
thickness  of  the  layer  is  small  enough.  Even  in 
the  double  layer  region  (3)  a  two-dimensional 
treatment  is  justified  if  the  ratio  of  the  length  1 
to  the  thickness  t  of  the  double  layer  satisfies 

j  >o  Ul 
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After  transformation  to  two  dimensions,  the  It  can  be  seen  that  at  UB&  =  860  mV  the  largest 

following  continuity  equations  are  obtained  for  voltage  drop  occurs  over  the  active  base  region, 

the  four  components  [1].  At  all  sides  of  that  region  there  is  nearly  the 

,,  ,  same  current  density.  If  is  known,  then 

1  t/of 

1)  9{  — — = -  by  means  of  the  energy  conservation  law 

R SO  Pe 


2)  V  (— i —  V*)=0 

KSO 

3)  V  (  — VV»)  =  0 

Ksu 


*Wi  =  -S—  f(W)Z  dx  dy  -i-  ft  ~~  dx  dy 

"so  fi)  (i)  Pc 

+  -f—  f(Vt)z  dx  dy 

"so  (2) 

*  TT  /  W2  d*  dy 
"su  O) 

+  f  QBM  (Vi>)*  dx  dy 
"SP  (4) 


The  meaning  of  the  used  symbols  is: 

t  potential  within  the  semiconducting  layer 
Rso  sheet  resistance  of  poly-Si  on  oxide 
Rsu  sheet  resistance  of  poly-Si  on  mono-Si 
RSP  sheet  resistance  of  the  active  base 
pe  specific  contact  resistivity 
QB  normalized  Gummel-charge 
The  other  symbols  have  the  usual  meaning. 


the  partial  resistances  can  be  calculated  for 
each  individual  region. 


3.  MEASUREMENT 


Equation  (4)  is  based  on  the  Gummel-Poon 
model.  These  four  equations  were  solved 
simultaneously  with  a  numerical  treatment, 
taking  into  account  the  following  boundary 
condition: 

In  Jr  =  ° 

A  typical  solution  for  the  potential  is  shown  in 
fig. 2.  It  was  calculated  over  only  half  the  area 
for  reasons  of  symmetry. 


The  base  resistance  was  determined  experi¬ 
mentally  by  using  a  network-  analyzer  to  meas¬ 
ure  the  S-parameters  at  different  collector 
currents  in  the  frequency  range  from 
50  MHz  to  3  GHz.  The  measurements  were  per¬ 
formed  directly  on  the  wafer.  This  greatly 
simplifies  the  measurements  since  no  time- 
consuming  mounting  with  inherent  impedance 
mismatch  is  necessary,  and  hence  improves 
considerably  the  calibration  accuracy.  The 
input  impedance  2*,  was  calculated  from  the 
S-parameters  [3] 


Fig. 2 

Equipotential  lines  within  the  base  region 
at  UBe  -  860  mV. 


7  _  (H-S.iHl+Szz)  ~  Si2-52i 

**  (1-S„)(1+S22)  +  5,2  Ssu  0 

In  Fig. 3  the  imaginary  part  of  was  plotted 
against  its  real  part.  Up  to  a  frequency  of 
1GHz,  the  measured  data  can  be  described  very 
well  by  a  semicircle  in  the  complex  plane  show¬ 
ing  that  the  simple  1-pole  approximation  [2]  is 
valid.  Above  1  GHz  deviations  from  the  semicir¬ 
cle  are  observed.  The  small  signal  base  resis¬ 
tance  r6  was  determined  by  means  of  curve 
fitting  and  then  converted  to  the  large  signal 
base  resistance  by  suitable  averaging 

.  A 

R*  =  f^(W 

lc  0 
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Fig. 3 

Imaginary  part  of  input  impedance  lm(Zin) 
versus  Re(Zin). 

The  measured  values  are  marked  by  crosses. 
The  fitting  curve  (solid  line)  is  a 
semicircle  in  the  lower  half  Z-plane. 

The  smaller  zero  position  is  the  sum  of 
the  small  signal  base  resistance  rt 
and  emitter  resistance  r,. 


4.  RESULTS 

Fig. 4a  and  4b  show  the  calculated  total  base 
resistance  Rb  and  its  external  component  Rb  „ 
as  a  function  of  the  collector  current  density 
jc .  A  comparison  was  made  for  transistors  with 
emitter  mask  areas  2x8/um2  and  2x40 nmz,  with 
one  or  two  base  contacts  respectively. 

It  is  of  interest  to  note  that  the  relative  reduc¬ 
tion  of  the  resistance  was  by  a  factor  of  about  2 
in  the  case  of  long  emitter  transistor  and  by  a 
factor  of  only  1.3  in  the  case  of  the  short  one. 
The  experimental  results  are  also  plotted  in 
Fig.4.  The  good  agreement  obtained  between 
the  measured  and  calculated  results  can  be 
seen  as  a  confirmation  of  the  method  of  calcu¬ 
lation  used. 


Fig.4a 


Fig.4b 


Fig. 4a  and  4b 

Calculated  base  resistance  (solid  line)  and  its 
external  component  (dotted  line)  vs. 
collector  current  density.  Experimental  results 
are  also  shown. 
h)Ag  -  2x8  urn.* 
b)4*  =  2x40  fitn2 


S.  CONCLUSION 


In  this  paper,  a  numerical  method  was  shown 
to  determine  the  components  of  the  base  resis¬ 
tance,  especially  the  external  and  internal  base 
resistance,  as  a  function  of  the  collector 
current  density.  The  task  consisted  essentially 
in  solving  the  stationary  continuity  equation 
within  the  base  region  under  the  two- 
dimensional  approximation.  Further,  the  base 
resistance  was  determined  experimentally  with 
the  aid  of  the  input  impedance  circle  diagram 
method  from  measured  S-parameters.  Experi¬ 
mentally  and  numerically  determined  base 
resistances  show  good  agreement.  The  methods 
used  are  accordingly  correct.  The  advantage  of 
the  calculation  is  that  the  components  of  the 
base  resistance  can  be  determined  at  any  arbi¬ 
trary  collector  current,  whereas  the  base  resis¬ 
tance  as  a  whole  can  be  measured  only  in  a 
small  current  range. 
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Abstract  -  an  isolated  vertical  npn  transistor  fabricated  in  an  n-well 
CMOS  process  is  described.  Characterisitic  features  of  the  transistor  are 
examined,  particularly  in  relation  to  the  absence  of  a  buried  layer  and 
low  well  doping.  An  equivalent  circuit  is  presented  to  model  the 
structure  as  a  4-terminal  device,  which  can  be  implemented  in  SPICE 
without  modification  to  the  SPICE  BJT  model.  A  parameter  extraction 
sequence  for  the  model  is  detailed  and  the  results  of  a  parameter 
optimisation  for  a  real  device  are  presented. 


1.  INTRODUCTION 

Within  many  CMOS  processes  the  formation  of  a 
junction  isolated  bipolar  transistor  is  possible 
without  the  addition  of  extra  masking  steps  [1]. 
Because  of  the  restrictions  imposed  by  CMOS 
processing,  this  bipolar  device  exhibits 
features  which  differ  from  those  fabricated 
using  conventional  bipolar  processes.  Some  of 
these  features  place  limitations  (1)  on  the 
device  usuage  and  (2)  on  the  ability  of  the 
SPICE  BJT  model  to  predict  any  unusual  circuit 
behaviour.  It  is  necessary  that  designers  have 
the  capability  to  model  all  circuit  conditions, 
for  example,  the  high  substrate  current  that 
results  if  excess  base  drive  is  applied  or 
during  circuit  power-up. 

In  this  paper  a  junction  isolated  npn 
transistor  fabricated  using  a  5  pm,  n-well  CMOS 
process  is  described.  An  equivalent  circuit  it 
presented,  for  the  structure,  which  can  be  fully 
implemented  in  SPICE  without  changing  the  BJT 
model.  This  equivalent  circuit  models  the 
effects  of  (1)  the  vertical  parasitic  substrate 
pnp  transistor,  (2)  the  high-value  collector 
resistance  and  (3)  the  JFET-like  action  of  the 
collector  region.  A  parameter  optimisation 
sequence  is  described  for  obtaining  all 
equivalent  circuit  parameters  from  conventional 
bipolar  measurements  and  the  results  of  this 
optimisation  for  a  real  device  are  preaented. 


Fig.  1:  Isolated  NPN  Structure 


Pig,  2;  NPN  Forward  Characteristic 
2.  NPN  DEVICE  STRUCTURE 

The  structure  of  the  bipolar  is  shown  in  fig. 
1.  The  CMOS  n-well  region  forms  the  collector, 
the  P+  guard  band  implant  forms  the  active  base 
region  and  che  N+  source/drain  implant  forms  the 
emitter.  The  total  well  depth  is  5  pm,  base 
region  depth  is  2  pm  and  the  active  base  width 
is  approximately  1  pm.  The  typical  gain  of  the 
transistor  is  130,  Early  Voltage  is  100V  and  the 
breakdown  voltages  are  as  follows;  BVe^0  “  10V, 
®vcbo  “  55V  and  BVceo  ■  55V.  A  typical  forward 
characteristic  for  this  structure,  with  an 
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emitter  length  of  26  pa  and  an  eaitter  width  of 
13  p*a  ia  shown  in  fig.  2. 

3.  BIPOLAR  STRUCTURE  MODEL 

The  aost  notable  feature  of  the  device 
structure  in  fig.  1  is  the  absence  of  an 
collector  N+  buried  layer.  This,  together  with 
the  low  doping  concentration  in  the  n-well  and 
the  well  depth,  has  a  number  of  effects  on  the 
device  behaviour.  Firstly,  the  parasitic 
vertical  pnp  transistor,  foraed  by  the  base, 
collector  and  substrate  of  the  npn  device,  has  a 
high  forward  current  gain  (Bfpap)  0f  typically 
100.  The  connection  of  this  pnp  is  shown  in 
fig.  3.  This  parasitic  transistor  does  not 
affect  the  operation  of  the  npn  device  when  it 
is  in  the  linear  active  region,  as  is  the  case 
in  aost  analog  circuits,  since  the 
base/collector  junction  of  the  npn  transistor  is 
reverse  biased,  as  is  the  collector/substrate 
junction.  This  effectively  turns  off  the  pnp 
device.  However,  when  the  npn  device  is 
saturated,  both  the  base/emitter  and 
base/collector  junctions  of  the  npn  are  forward 
biased,  placing  the  pnp  device  in  its  forward 
linear  region.  This  leads  to  current  flow  into 
the  substrate,  a  situation  that  should  be 
avoided  in  CMOS. 

The  approach  used  to  model  the  current  flow 
to  the  substrate  is  to  ensure  that  in  the  npn 
collector  current  equation,  any  terms  which 
represent  hole  injection  into  the  n-type 
collector  region  (where  they  are  now  minority 
carriers  in  the  pnp  base)  are  transferred  to  the 
substrate  with  an  efficiency  <1— 1/Bfpnp) .  The 
npn  collector  current  equation  is  as  follows: 


(0  (**) 


(with  the  usual  SPICE  parameter  notation) 


Fig.  3:  NPNP  Structure 

Terms  (i)  and  (ii)  represent  the  collector 
electron  (or  minority  carrier)  current  across 
the  base  region  under  forward  active  and  reverse 
active  conditions  respectively.  Terms  (iii)  and 
(iv)  are  the  base  currents  associated  with  the 
base/collector  junction  and  are  in  fact  hole 
current  terms.  The  collector  current  equation 
therefore  consists  of  the  electron  current  minus 
the  terms  which  represent  hole  currents  injected 
in  to  the  collector  region  121.  However,  as 
pointed  out  above,  these  hole  currents 
cor.  t  minority  carriers  in  the  n-type 
collect;  region  and  are  therefore  collected  by 
the  reverse  biased  collector/substrate  junction, 
with  efficiency  (1-1/Bfpnp)  and  only  a  fraction 
1/Bfpnp  of  terms  (iii)  and  (iv)  should  remain  in 
the  collector  current  equation. 

Fortunately,  the  correct  equations  for  the 
current  flow  in  the  4-terminal  structure  can  be 
implemented  as  an  equivalent  circuit,  without 
any  modification  to  the  BJT  model.  This  is 
achieved  by  replacing  terms  (iii)  and  (iv)  above 
with  two  pnp  transistors,  the  first  having 
parameters  Ispnp  •  ls/Br  and  nfpnp  “  nr,  the 
second  having  lspnp  •  Isc  and  nfpnp  “  nc.  Both 
transistors  have  the  same  beta  •  Bfpnp.  These 
terms  are  then  eliminated  from  the  npn  equations 
by  specifying  Br  »  1.0E06  and  Isc  »  0.  This 
results  in  the  transfer  of  hole  current  to  the 
substrate  and  the  correct  terminal  collector 
current  being  supplied  from  the  electron  current 
terms  minus  the  pups'  base  currents  [3]. 

The  second  important  effect  of  the  absence  of 
the  buried  layer  is  on  the  current  path  between 
collector  contact  and  the  point  of  current  entry 
to  the  intrinsic  npn  device.  The  resistance  of 
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this  path  is  high  and  nonlinear.  This  leads  to 
a  rapid  gain  roll-off  with  collector  current, 
low  current  saturation  of  the  transistor,  a  high 
Vce(at  snd  a  United  frequency  response  [4]. 
This  current  path  can  be  seen  to  be  made  up  of 
two  distinct  regions  as  in  fig.  4.  The  first  of 
these,  Rcj,  is  the  region  connecting  the 
collector  terminal  to  the  base  implant  edge. 
This  is  modelled  by  a  constant  resistance.  The 
value  of  this  resistance  is  set  by  the  well 
doping  and  the  design  rule  spacing.  The  second 
path  in  the  series,  Rc2,  is  the  region  of  well 
beneath  the  base  implant.  This  region  is  3  pm 
deep  for  the  structure  in  fig.  1  and  its 
resistance  is  highly  dependent  on  the 
base/collector  voltage  due  to  depletion 
spreading.  In  fact,  the  base  region  effectively 
acts  as  the  gate  of  an  n-channel  JFET  [5].  The 
value  of  the  pinch-off  voltage  for  this  channel 
region  depends  on  the  channel  thickness  and 
doping.  A  typical  value  for  the  structure  in 
fig.  1  is  15V.  However,  the  effective  pinch-off 
voltage  may  be  much  less  than  this  depending  on 
the  substrate  voltage  which  constitutes  a  back- 
gate  bias  for  the  channel.  The  effect  of  this 
nonlinear  channel  is  clearly  demonstrated  in  the 
forward  characteristic  of  fig.  2,  where  the 
saturated/active  region  boundary  rapidly  rolls 
over  into  the  active  region  with  increasing  base 
current,  thereby  limiting  the  collector  current 
in  the  device. 

The  overall  equivalent  circuit  is  shown  in 
fig.  5.  Two  important  points  need  to  be 
clarified  for  use  of  the  JFET  in  the  equivalent 
circuit.  Firstly,  only  the  JFET  channel 
conduction  equations  are  being  used,  as  any  gate 
current  will  be  already  modelled  as  npn  base 
current.  Secondly,  the  SPICE  JFET  model  does 
not  allow  for  back-gate  bias  and  hence  a  SPICE 
MOSFET  Level  1  model  is  used,  which  has  the  same 
conduction  equations  as  a  JFET. 

4.  PARAMETER  EXTRACTION 

Parameters  are  extracted  for  the  complete 
equivalent  circuit  using  standard  bipolar 


Fig.  4:  Collector  Resistance  Components 


Fig.  5  -.Complete  Equivalent  Circuit 

measurements.  The  parameters  are  optimised 

using  a  parameter  optimisation  program,  which 
allows  parameters  to  be  fitted  selectively  to 
data  regions  where  they  are  most  relevant  and  in 
sequence  [6].  The  optimisation  program  also 
allows  use  of  different  error  functions.  In 
particular  many  of  the  optimisations  involve 
fitting  to  the  conductance,  gce,  (i.e.  slope  of 
the  data)  and  transconductance,  gB,  as  well  as 
purely  to  DC  values.  This  is  due  to  the 
importance  of  conductances  and  transconductances 
in  small  signal  analysis  of  analog  circuits. 
The  optimisation  sequence  is  summarised  in  Table 
1. 

The  optimised  model  fits  for  a  device  as  in 
fig.  1,  are  shown  in  fig.  6  and  fig.  7  for  the 
forward  characteristic  and  Gummel  plots, 
respectively.  The  current  limiting  effect  is 
well  modelled  in  fig.  6.  This  could  not  be 
modelled  by  considering  the  npn  transistor 
solely.  The  overall  average  absolute  DC  and 
conductance  errors  are  5Z  and  22Z  respectively. 
The  Gummel  plots  show  not  only  the  base  and 
collector  currents,  but,  also  the  emitter  and 
substrate  currents.  The  model,  therefore,  fits 
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Tabic  1:  Parameter  Optimisation  Sequence 


Stage 

Data  Region 

Parameters 

Error  Function 

1 

linear  active 
Gummel  Plot 

nf,ne 

See 

2 

linear  active 
Gummel  Plot 

Is,  Ise 

DC 

3 

forward 

characteristic 

Rc.Kp 

Bf.Gamma 

DC,  gee,  gm 

4 

linear  active 
Gummel  Plot 

Ise,  ne 

DC,  gee 

5 

complete 
Gummel  Plot 

Rb,  nr, 

Br,  Bfpnp 

DC,  gee 

6 

forward 

characteristic 

Vaf,Rc,Kp, 

V  to, lambda. 
Phi,  Gamma 

DC,  gee 

all  currents  in  the  device,  whereas  considering 
an  npn  transistor  alone  does  not  model  substrate 
current.  In  addition,  it  is  clear  from  the 
Gunnel  plots  that  no  substrate  current  flows 
when  the  npn  device  is  in  its  linear  active 
region.  Currents  flow  in  the  substrate 
commences  only  at  the  onset  of  saturation. 

Some  operating  point  analysis  has  to  be 
performed  for  the  paranater  optimisation  program 
to  solve  for  equivalent  circuit  internal 
voltages,  as  only  terminal  voltages  are  accessed 
during  device  measurement.  This  is  achieved  by 
using  a  damped  Newton  convergence  scheme  to 
solve  for  node  voltages. 

5.  CONCLUSIONS 

In  this  paper  a  NPN  bipolar  transistor  in  a  5 
)lm,  n-well,  CMOS  process  was  presented.  The 
effects  produced  in  such  a  device  by  the 
absence  of  a  buried  layer  and  the  current 
limiting  effects  of  a  resulting  JFET-like 
structure  yere  discussed.  An  equivalent  circuit 
was  presented  which  treats  the  npn  as  a 
4-terminal  structure  by  modelling  substrate 
current  flow.  Some  parameter  optimisation 
results  from  standard  bipolar  measurements  were 
presented  which  showed  good  DC  and  conductance 
agreement  between  the  equivalent  circuit  and 
measured  results. 


—  SIMULATED 
X  MEASURED 


Fig.  6:  Forward  Characteristic  Model  FitVCE 


Fig.  7:  Gunnel  Plots  Model  Fit 
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Hetero junction  bipolar  transistors 
(HBT's)  are  of  great  interest  for 
applications  in  analogue  and  digital 
integrated  circuits  (IC's).  Their 
excellent  gain,  speed  ,  uniformity  and 
power  characteristics  are  due  to  the 
injection  properties  of  the 
base-emitter  (BE)  hetero junction  (HJ), 
to  the  very  low  base  resistance 
achievable  ,  and  to  the  inherent 
properties  of  bipolar  devices.  Because 
of  its  more  advanced  technology,  most 
of  the  efforts  have  been  concentrated 
on  AlGaAs/GaAs  HBT's.  Its  technological 
implementation  has  made  steady  progress 
through  the  use  of  graded  emitter-base 
interfaces,  and  by  the  introduction  of 
superlattices  iSL)  and  offset  undoped 
base  layers.  Early  HBT's  made  by 
liquid  phase  epitaxy  (LPE)  already 
showed  very  high  common  emitter  gains. 
Because  of  the  improved  dimensional 
control,  molecular  beam  epitaxy  (MBE) 
and  metal-organic  chemical  vapor 


deposition  (MOCVD)  technologies  should 
allow  improved  and  more  uniform 
characteristics.  However  ,the  role  of 
technology  dependent  traps  and 
interface  charges  may  then  become  a  key 
factor. 

Concerning  HBT  current  gain  analysis, 
following  the  standard  concepts  of 
emitter  injection  efficiency  and  base 
transport  factor,  there  have  been 
reports  trying  to  determine  the  role  of 
emitter  concentration,  B-E 

compositional  grading  ,  and  SL  layers, 
in  the  B-E  characteristics  [  1 , 2 , 3 , 4  J . 
One  striking  result  was  reported  by 
Chand  et  al .  [ 3 ] ,  who  showed  that ,  by 
lowering  the  emitter  concentration  to  a 
5  x  1016  cm-3  level,  the  B-E 
injection  threshold  (knee  voltage)  was 
decreased  from  the  standard  0.5  V  down 
to  0.1  V.  However,  all  other  factors, 
such  as  Al  grading  and  the  base  region 
doping  concentration,  introduced 
practically  no  significant  variations 
in  the  forward  knee  voltage  .  For  such 
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very  low  emitter  concentration,  a  high 
series  resistance  or  current  limiting 
mechanism  seems  to  appear,  and  no  data 
were  reported  concerning  the  achieved 
transistor  characteristics. 

In  this  study  a  variety  of  mesa 
AlGaAs/GaAs  HBT's,  made  by  LPE  and 
MOCVD  were  fabricated  .  LPE  devices 
have  Sn  as  emitter  dopant,  while  MOCVD 
devices  have  Si  as  donor  dopant  and  Zn 
as  base  acceptor.  For  the  emitter 
region  the  standard  30%  A1  composition 
is  used.  Base  doping  level  was  in  the 
10«  cm- 3  range,  and  emitter  free 
electron  concentration  was  3xl017 
cm- 3.  Abrupt,  graded  and  SL,  BE 
interfaces  have  been  considered  ,  and  a 
range  of  undoped  ,  base  offset  layer 
thicknesses,  from  0  to  600  A,  have  been 
used. 

BE  junctions  were  --'.lysed  through 
I-v  ,  C-V,  c  vs.  frequency  and  DLTS 
techniques.  One-dimensional  device 
computer  simulations  were  also  made 
The  detection  of  DX  centres  in  the 
emitter  region  was  used  as  a  probe  to 
know  where  the  depletion  region  was 
being  examined,  and  to  monitor  hole 
injection  from  the  base.  It  is  the 
objective  of  this  paper  to  show  how  the 
various  BE  interfaces  influence  their 
current-voltage  characteristics  and 
their  deep  level  structure.  It  is 
claimed  that  the  presence  of  BE 


interface  charge  may  set  a  practical 
limit  to  the  useful  minimum  emitter 
concentration,  and  that  very  low 
values  in  the  BE  knee  voltage  can  be 
achieved  with  emitter  concentrations  in 
the  1015  -  101®  cm-3  range,  but  the 
devices  do  not  show  transistor  effect. 


n*  Ga  As 


n*  AtxGa|.x  As 
EMITTER  x=(X3 


p*  Ga  As 
BASE 


n*  Alx  Ga|.x  As 


n*  BUFFER 
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S.  L. 

Graded  SL 
Graded  Interlace 
Abrupt  Interface 


JJndoped 
Ga  as  buffer 


0-600X  Graded 
0  A  oAbrupt 
100  A  both  SL. 


x  =  0 
x  =0.3 


FIGURE  1 


The  structures  being  examined  are 
schematized  in  Figure  1.  For  different 
BE  interfaces,  the  base-emitter  I-V 
characteristics  are  summarized  in 
Figure  2.  On  a  stastistical  basis,  all 
the  interfaces  having  an  offset  layer, 
tend  to  increase  j up-  ion  currents  at 
very  low  voltages,  as  compared  to  LPE 
abrupt  or  graded  interfaces  without 
offset  layer.  In  the  injecting  range, 
at  similar  current  densities,  junction 
voltage  differences  were  in  the  tens 
of  mV  range  .  The  introduction  of  base 
undoped  layers  have  a  more  clear  effect 
on  the  BE  I-V  characteristics.  Figure  3 
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indicates  that  in  the  n«2  region,  at 
constant  Vbe,  current  increases 
monotonously  with  layer  thickness, 
while  in  the  n«l  regime  all  the 
non-zero  thickness  undoped  layer 
devices  have  the  same  behavior. 


FIGURE  2 


FIGURE  3 

The  effect  of  emitter  concentration 
on  the  BE  knee  voltage  is  displayed  in 
Figure  4.  At  currents  below  the  mA  range 
a  significant  reduction  in  the 
junction  voltage  is  found,  a  similar 
result  to  those  reported  by  Chand  et 
al.[l].  Such  region  is  followed  by  a 


FIGURE  4 

high  series  resistance  regime. 

Above  interfaces  were  analyzed  by 
DLTS  techniques.  Because  the  starting 
p+-n  structures,  the  emitter  regions 
would  display  the  DX  centres  linked  to 

the  n-type  dopant.  Due  to  the  DX-centre 
very  large  hole  capture  coefficient 
[  4,5  ]  ,  monitoring  DLTS  peak  height 
with  forward  bias  allows  to  determine 
the  onset  of  base  hole  injection  into 
the  emitter.  A  second  electron  trap 
was  detected, re la ted  to  the  base 
Zn-doping,  its  concentration  decreasing 
with  the  offset  undoped  layer 
thickness,  and  being  negligible  for 
offset  layers  thicker  than  300  A 
(Figure  5). 

Transistors  having  the  various  BE 
interfaces  previously  analyzed  ,  were 
evaluated  for  DC  characteristics.  Our 
results  indicated  that  very  low  emitter 
concentration  devices  did  not  show 
transistor  efect;  the  minor  differences 
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observed  in  the  BE  characteristics, 
between  superlattice  and  graded 
interfaces,  seem  producing  neither 
different  DLTS  spectra  nor  tranaistor 
characteristics)  the  undoped  offset 
layer  has  a  more  pronounced  effect  on 
the  I-V  characteristics  and  tranaistor 
current  gain  ( Figure  6 ) >  best 
transistor  performances  were  obtained 
for  just  zero  thickness  undoped 
offset  layer  and  graded  interface. 


SO  100  ISO  200  250 

T(K) 

FIGURE  5 
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Some  semiquantitative  correlations  among  electron  mobility  profile  trend,  background 
acceptor  and  donor  concentrations  and  compensation  ratio  in  gallium  arsenide  epitaxial  FET 
structures  were  ascertained  from  the  comparison  of  several  experimental  and  calculated 
data. 

The  results  obtained  by  this  analysis  are  a  useful  tool  in  the  electrical  characterization 
of  non  intentionally  doped  buffer  layers  where  high  resistivity  and  interface  (or  surface) 
effects  make  quite  difficult  the  interpretation  of  the  most  used  techniques  as  differential 
C— V,  magnetotransconductance  and  Van  der  Pauw  measurements. 


1  INTRODUCTION 

The  electrical  properties  of  unintentionally 
doped  gallium  arsenide  epitaxial  layers  are 
generally  governed  by  the  presence  of  background 
acceptors  and  donors  and  by  their  compensation 
ratio  (0=  Na/Nd). 

The  direct  electrical  evaluation  of  these 
layers  is  quite  critical  in  the  case  of  interest 
(very  high  resistivity)  since  the  presence  of  a 
significant  surface  state  density  produces  a 
complete  free  carrier  depletion.  Furthermore, 
separate  characterization  of  active  and  buffer 
layers  does  not  give  any  information  on  the 
doping  profile  transistion  region. 

In  order  to  evaluate  the  correlations  between 
ionized  impurity  concentration,  compensation 
ratio  and  electrical  measurements  we  simulated 
several  different  monodimensional  active 
layer-buffer  layer  structures,  numerically 
reproducing  experimental  free  carrier 
concentration  and  mobility  profiles. 

2  EXPERIMENTAL 

The  epitaxial  structures  were  grown  in  a 
chloride  VPE  reactor;  the  buffer  layer  thickness 
ranged  from  2  to  4  |im;  the  residual  impurity 
concentration  was  varied  using  different  GaAs 


sources.  The  active  layer  doping  concentration 
(sulfur)  was  between  1E17  and  2E17  cm-3. 

SIMS  analysis  were  performed  on  significant 
samples  in  order  to  monitor  the  doping  profile 
steepness  and  the  impurity  concentration. 
Residual  background  impurity  concentration 
resulted  to  vary  from  1E15  to  1E16  cm-3  from 
sample  to  sample. 

Test  patterns  including  a  fat  FET,  a  one 
micron  gate  FET  and  a  Van  der  Pauw  cloverleaf 
structure  were  manufactured  on  the  wafers  under 
test  to  perform  the  electrical  characterization. 
Free  carrier  concentration  profiles  were 
measured  by  the  differential  C-V  technique. 
Electron  mobility  profiles  were  obtained  both  by 
C-V  and  magnetotransductance  (1)  methods. 

From  Van  der  Pauw  configuration  measurements 
sheet  resistivity  and  mean  mobility  values  were 
obtained. 

The  experimental  mobility  profiles  followed 
different  paths,  typically  warying  from  a 
continuously  decreasing  trend  in  samples  with 
highly  compensat  'er  layer,  to  a  slightly 

increasing  tn...  .  -eply  decaying  one  in  the  most 
pure  structures.  Two  examples  of  the  above  men¬ 
tioned  behaviour  are  reported  in  fig.l  and  2 
where  are  also  plotted  the  corresponding  free 
carrier  concentration  profiles. 
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Fig.  1  :  Experimental  free  carrier  concentration 
and  aobllity  prof ilea,  and  calculated 

( •  )  nobility  a  loo  residual  iagurity 
concentration  sample  (Ni  HIS  ca  ) 


Fig,  2  :  Experimental  free  carrier  concentration 
and  mobility  profiles,  and  calculated  mo¬ 
bility  values  ( e  )  for  a  compensated 
sample  (Nl  DS16  cm-9;  Na  EE15) 


3  COMPUTER  SIMULATION 

In  the  computer  simulation  a  typical 
active-buffer  layer  structure  was  examined. 

Free  carrier  concentration  profiles  were 
calculated  by  solving  numerically  the  Poisson 
operation. 

Y*(X)  =  -q(Nd(x)  -  Na  -  exp  (q^/kT))/^ 

Different  residual  acceptor  and  donor 
concentration  values,  doping  level  and 
transition  steepnesses  were  assumed.  The  Poisson 
equation  solution  was  performed  using  a 
partially  modified  finite  difference  method, 
which  reduced  the  problem  to  the  solution  of  a 
linear  system  equation  (2). 

The  free  carrier  concentration  profiles 
reported  in  fig. 3  and  4  were  calculated 
assuming  a  similar  doping  profile  but  different 
residual  acceptor  and  donor  concentrations. 
Significant  differencea  can  be  observed  in  the 
doping  profile  transition  region.  The  acceptor 


concentration  controls  the  diffusion  of  the 
electrons  into  the  buffer  layer,  producing  a 
strict  carrier  confinement  for  high  compensation 
ratios. 

Mobility  profiles  were  numerically  obtained 
by  calculating  for  several  boundary  conditions, 
the  average  electron  mobility  p(V)  experienced 
by  the  free  carriers  over  the  whole  electron 
distribution,  as 

p(V)  «  j  p(x)n(x)dx  /  j  n(x)dx 

Here  ji  (x)  is  the  local  value  of  the  electron 
mobility  which  was  deduced  from  the  theoretical 
data  presented  by  Valuckiewizc  (3)  as  a  function 
of  the  local  ionized  impurity  concentration  and 
compensation  ratio  and  assuming  an  effective 
value 

0*(x)  -  Na*/Nd* 

in  the  partially  depleted  regions  where 

n(x)  -  Nd*  -  Na*;  Ni  «  Nd  +  Na  «  Nd*  +  Na* 


984 


Depth  Cun  3 

Fig.  3  :  Assumed  doping  profile  (■ . ■)  and 

calculated  electron  diatributiona  for 
different  bpundary  conditions  - 
Ns  »  5E14  cei  ;  Ni  -  IE1S  cm"3 

4  DISCUSSION 

In  order  to  reproduce  the  experimental 
results,  the  computer  simulations  were  performed 
assuming  experimental  doping  profiles  as 
measured  by  SIMS  analysis;  both  residual 
impurity  concentration  and  compensation  ratio 
were  varied  over  a  wide  range.  For  each  sample, 
the  compensation  ratio  in  the  active  layer  was 
deduced  from  the  measured  electron  mobility  in 
the  neutral  region.  The  residual  free  electron 
concentration  in  the  undoped  layer  was  assumed 
to  range  from  1E13  to  1E14  in  coherence  with 
experimental  data  measured  on  very  thick  buffer 
layers. 

The  main  results  of  this  analysis  can  be 
resumed  in  the  following  statements. 

-  The  residual  acceptor  concentyationstrongly 
affects  the  fre  carrier  diffusion  at  the 
interface  between  active  and  buffer  layers. 

In  very  high  purity  samples  (residual  NimNd+Na 
< 1E15  cm-3 ) ,  regardless  of  the  acceptor 
concentration  exact  value,  the  electrons 


Fig.  4  :  Assumed  doping  profile  (* — }  end 

calculated  electron  distributions  for 
different  boundary  conditions  - 
Na  -  3815  cm”3;  Mi  -  4815  cm"3 

considerably  diffuse  from  the  active  layer  into 
the  buffer  layer  where  they  experience  a  very 
high  mobility  since  the  residual  ionized 
impurity  are  superscreened  by  the  exceedingly 
high  number  of  free  carriers. 

As  the  acceptor  concentration  grows  larger 

than  1E15  cm-3  the  electron  distribution  is 

progessively  more  affected  by  their  presence, 

that  produces  the  confinement  of  the  carriers  in 

the  highly  doped  region.  This  confinemen 

-3 

results  complete  if  Na  >  4E15  cm 

-  Regardless  of  the  real  value  Ni,  the 
electron  diffusion  creates  a  space  charge  region 
at  the  buffer-active  layer  Interface  that 
Justifies  the  experimental  and  theoretical  fall 
at  pinch  off  since  in  these  conditions  most 
electrons  are  in  a  region  where  the  scattering 
phenomena  are  enhanced  by  the  underscreening  of 
the  ionized  Impurities  (4). 

-  In  heavily  compensated  samples,  the 
electrons  in  the  distribution  tall  undergo  a 
strong  underscreening  effect  since  the  ionized 
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impurity  concentration  is  much  larger  than  that 
of  the  free  carriers,  nils  effect  degrades  the 
mean  electron  mobility  and  produces  the  slowly 
decaying  trend  reported  in  fig. 2. 

The  steepness  of  the  mobility  profile  and  its 
mean  value  are  controlled  by  reBidual  Ni  and  by 
the  doping  profile  trend. 

-  In  very  pure  samples,  as  ran  be  observed  in 
fig. 3,  the  percentage  of  diffused  electrons  into 
the  buffer  layer,  becomes  more  and  more 
significant  as  the  depletion  voltage  approaches 
pinch  off. 

The  average  electron  mobility  ^i( V)  results 
therefore  a  growing  function  of  the  bias  voltage 
V  as  far  as  the  electron  concentration  does  not 
fall  under  the  background  ionized  level.  Here 
again  the  mean  mobility  value  and  the  amount  of 
its  raise  are  governed  by  both  residual  impurity 
concentration  and  compensation  ratio.  The 
position  of  the  abrupt  mobility  profile  decrease 
seems  to  be  a  function  of  the  doping  profile 
knee  shape  (exponential,  gauasian,  etc.) 

A  further  proof  of  the  validity  of  this  model 
is  given  in  fig. 5  where  we  report  carrier 
concentration  and  mobility  profiles  measured  on 
a  low  background  structure  by  strongly 
negatively  biasing  the  substrate  to  produce  a 
backside  gating  effect  on  the  active  layer.  In 
this  condition  the  mobility  enhancement  disap¬ 
pears  because  all  the  carriers  result  confined 
in  the  active  layer. 


5  CONCLUSIONS 


The  experimental  mobility  profiles  on  gallium 
arsenide  FET  structures  can  be  interpreted  in 
terms  of  buffer  layer  background  impurity 
concentration  and  compensation  ratio,  taking 


Fig.  5  :  Experimental  free  carrier  concentration 
and  mobility  profiles  measured  for 

0  V  ( - )  and  -30  V  ( - )  backside 

gating  bias 


into  account  non  neutrality  effects  at  the 
interface  with  the  active  layer. 

Investigations  on  the  influence  of  the  buffer 
layer  characteristics  on  microwave  FET's  device 
performances  are  in  progress,  with  special 
attention  to  pinch-off  and  beakdown  voltages. 
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A  new  fabrication  process  for  planar  GaAs  mixer  diodes  operating  in  the  millimeter 
wave  range  of  frequencies  is  presented.  This  technology,  which  is  fully  compatible 
with  MESFET  fabrication  on  the  same  chip,  combines  the  advantages  of  selective  ion 
implantation  for  the  n+  contact  regions  and  epitaxial  growth  for  the  active  n-layer. 
With  Si  implantation  n  -layer  sheet  resistances  of  down  to  16  n/n  have  been  achieved 
using  a  rapid  thermal  anneal.  Schottky  diodes  with  A1  and  Ti  Schottky  contacts  have 
been  fabricated  with  different  contact  areas  and  configurations.  Diode  resistances  of 
8  n  and  junction  capacitances  of  around  20  fF  were  obtained  for  a  contact  area  of 
1.5  x  6  pm  .  n-factors  were  typically  1.15  for  Ti  and  1.3  for  A1  Schottky  contacts. 

RF  performance  was  tested  in  a  hybrid  mixer  configuration  with  an  oscillator  fre¬ 
quency  of  35  GHz.  Conversion  losses  of  6  or  5.5  dB  and  noise  figures  of  5  or  4.5  dB 
have  been  determined  for  A1  or  Ti  Schottky  diodes,  respectively. 


1.  INTRODUCTION 

There  is  great  interest  in  receivers  for  milli¬ 
meter  wave  frequencies  for  applications  such 
as  phased  array  radar  systems.  However,  the 
performance  of  these  receivers  strongly  depends 
on  the  quality  of  the  nonlinear  mixer  element. 
GaAs  Schottky  diodes  have  already  shown  excel¬ 
lent  RF  performance  up  to  the  millimeter  wave 
range  of  frequencies  /I/.  For  integration  with 
other  active  devices  such  as  GaAs  MESFETs  and 
passive  components  in  an  MMIC,  a  rather  com¬ 
plicated  fabrication  process  has  often  to  be 
used,  giving  a  compromise  between  the  differ¬ 
ent  requirements  of  the  active  devices . 
Generally  the  n+-n-layer  sequence  is  fabricated 
either  by  epitaxial  growth  of  both  layers  /2/ 
or  by  ion  implantation  /3/.  Both  processes  have 
severe  restrictions.  With  epitaxial  layers, 
low  resistance ,  thick  n+-layers  can  be  easily 
combined  with  a  high  quality  active  n-layer. 
Planar  structures  can  however  only  be  realized 
by  a  difficult  selective  growth.  Ion  implanta¬ 
tion  allows  a  simple  means  of  selectively  dop¬ 
ing  combined  with  planar  surfaces.  However, 
n+-layers  with  low  sheet  resistances  and  mod¬ 
erate  doping  levels  at  the  surface  are  diffi¬ 
cult  to  realize. 

We  present  a  novel  process  which  combines  the 


advantages  of  selective  ion  implantation  with 
the  growth  of  high  quality  active  layers  by  an 
MOCVD  process.  Based  on  this  technology  which 
is  fully  compatible  with  the  fabrication  of 
MESFETs  and  MMICs  on  the  same  wafer  /4/,  planar 
mixer  diodes  for  millimeter  wave  applications 
were  realized. 

2.  DIODE  TECHNOLOGY 

Starting  with  undoped  s.i.  GaAs  substrates  a 
selective  ion  implantation  with  Si  was  perform¬ 
ed  using  SiON  as  a  mask  (see  fig.  1).  A  multi¬ 
ple  energy  implantation  with  maximum  energies 

of  360  kev  and  total  doses  of  up  to 
15  -2 

1.4x10  cm  has  been  used.  Two  different  an¬ 
nealing  processes  have  been  tested.  One  is  a 
conventional  furnace  anneal  (FA)  at  elevated 
temperatures  of  up  to  950  *C  for  15  min  using 
a  GaAs  proximity  cap.  The  other  process  is  a 
rapid  thermal  anneal  (RTA)  at  1050  °C  for 
times  of  5  sec  in  using  SiO^  or  SiON  as  a 
protecting  cap.  After  anneal  and  appropriate 
surface  preparation  an  n-type  layer  with  a 
doping  concentration  of  n  -  (1.5  -  2)x1o17  cm-3 
was  grown  directly  onto  the  selectively  im¬ 
planted  substrates  without  any  buffer  layer 
/4/.  Isolation  of  the  active  layer  between  the 
diodes  was  performed  with  a  boron  implantation, 
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using  SiO^  as  a  mask.  1  \m  A1  was  evaporated 
and  the  active  contact  areas  were  defined  with 
optical  lithography.  A  well  known  self -aligned 
technique  was  used  to  accurately  control  the 
dimensions  of  the  Schottky  contact  and  the  se¬ 
paration  between  the  Schottky  contact  and  the 

AuGe  ohmic  contact.  200  nm  plasma  Si.N.  was 

3  4 

used  to  passivate  the  GaAs  surface.  A  Ti/Pt/Au 
metallisation  formed  Schottky  contacts  for  the 
Ti  Schottky  diodes  and  was  plated  to  a  thick¬ 
ness  of  around  2  pm  for  the  air  bridges  and 
strip  lines. 


Schottky- 

contact 

Fig.  1 :  Schematic  view  of  a  FET  compatible 
Schottky  diode 

3.  DIODE  OPTIMISATION 

For  mixer  diodes  operating  in  the  millimeter 
wave  range  of  frequencies  low  series  resist¬ 
ances  and  capacitances  are  required.  Therefore 
special  care  was  taken  to  optimize  the  n+-sheet 
resistance  formed  by  Si  ion  implantation.  Con¬ 
ventional  furnace  anneal  at  temperatures  of 
850  ”C  gives  sheet  resistances  for  our  implan¬ 
tation  energies  of  around  60  n/a  (see  Tab.  1). 
A  distinct  improvement  could  be  obtained  by 
increasing  the  annealing  temperature  to  950  °C. 
A  GaAs  proximity  cap  and  additional  AsH^  in 
the  annealing  atmosphere  prevented  surface  de¬ 
gradation.  Minimum  sheet  resistances  of  about 


process 

T/°C 

t/sec 

cap 

lowest 

Ra/n/n 

850 

900 

GaAs 

60 

FA 

900 

900 

GaAs 

40 

950 

900 

GaAs 

30 

1050 

5 

Si02 

22 

1050 

5 

SiON 

16 

Tab.  1 :  Lowest  n+-layer  sheet  resistance  for 
different  annealing  conditions 

14  _2 

33  n/a  with  doses  of  4.6x10  cm  could  be 
achieved  (see  fig.  2).  Selective  Hall  measure¬ 
ments  show  that  a  maximum  concentration  of  n  = 
1 8  —3 

2x10  cm  is  maintained  down  to  a  depth  of 

about  0.5  pm  together  with  electron  mobilities 
2 

of  around  1500  cm  /Vs.  A  further  improvement 
of  the  sheet  resistance  could  be  obtained  by 
applying  rapid  thermal  annealing  using  an  AG 
210  T  heatpulse  system.  The  samples  were  cap¬ 
ped  with  100  nm  Si02>  Peak  temperatures  of 
1050  “C  for  5  sec  gave  a  mini,  jn  sheet  resist¬ 
ance  of  22  n/a  (fig.  2). 


Fig .  2 :  n+-layer  sheet  resistance  versus  im¬ 
plantation  dose 

Capping  with  100  nm  SiON  has  resulted  in  a 

sheet  resistance  as  low  as  16  n/a  ,  for  a  dose 
14  -2 

of  4.6x10  cm  .  Fig.  3  shows  that  the  de¬ 
crease  in  sheet  resistance  is  mainly  caused  by 

an  increase  in  maximum  carrier  concentration 

1 8  —3 

above  the  value  of  n  >  2x10  cm  which  is 


thought  to  be  the  solutibility  limit  for  fur- 


and  ahcet  resistances  of  typically  25  n/a 
should  result  in  values  of  about  7  n.  This 


nacs  anneal  of  si-inplantation  in  GaAs  /5/. 

With  the  RTA  process,  however,  maximum  concen- 
1 8  —3 

trations  of  5x10  cm  could  be  reached.  The 
mobility  compares  well  to  the  values  in  case 
of  furnace  anneal  (fig.  3). 


Fig.  3:  Concentration  profile  aw  obtained 
after  selective  Hall  measurements 

With  such  sheet  resistances  a  considerable 
part  of  the  remaining  diode  series  resistance 
is  due  to  the  ohmic  contact  resistance.  There¬ 
fore  the  alloying  process  has  also  been  opti¬ 
mised  giving  typical  specific  contact  resist- 
—6  2 

ances  of  around  3x10  ncm  .  Fig.  4  shows  the 
influence  of  the  n+-eheet  resistance  and  con¬ 
tact  resistance  on  the  diode  series  resistance 
based  on  a  calculation  after  Heaton  /6/.  The 
figure  shows  clearly  that  for  our  technology 

2 

diode  resistances  for  contact  areas  of  1x10  pm 


layer  sheet  resistance  and  specific 
contact  resistance  after  /6/. 


gives  fT~values  of  about  600  GHz  for  such 
diodes  making  them  suitable  for  operation  at 
frequencies  well  above  35  GHz. 

4.  DIODE  PROPERTIES 

15  different  diode  configurations  such  as  fin¬ 
ger  diodes,  air  bridge  diodes  with  A1  or  Ti 
Schottky  contacts  have  been  realized  in  a  diode 
array  (see  Tab.  2). 


Schottky 

area/ 

structure 

aean  n- 

■eas 

OCj.Cs/ 

tj/ 

octal 

m2 

f actor 

Rs  /Q 

fF 

Oh 

1.5-6 

1.35 

8 

30 

560 

A1 

2.5-6 

finger 

1.33 

8 

39 

410 

3.5-6 

1.39 

8 

48 

320 

1.5-8 

1.28 

7 

36 

560 

A1 

2.5-8 

finger 

1.30 

7 

48 

406 

3.5-8 

1.29 

7 

60 

310 

2*5 

1.14 

8 

26 

650 

Ti 

3-5 

airbridge 

1.15 

8 

33 

490 

4-5 

1.17 

8 

38 

410 

2.7 

1.13 

11 

41 

480 

Ti 

3-7 

finger 

1.13 

11 

49 

365 

4-7 

1.18 

12 

60 

290 

Tab.  2:  Typical  properties  of  different 
Schottky  diodes 

DC  measurements  were  made  with  the  help  of  an 
automatic  prober  so  that  the  properties  of  each 
type  of  diode  could  be  mapped  over  the  wafer. 

By  measuring  the  I-V-characteristics ,  the 
series  resistances,  n-f actors  and  leakage  cur¬ 
rents  have  been  determined.  Additionally  the 
capacitance  of  each  diode  including  the  strip 
line  capacitance  of  about  20  fF  was  measured. 
Table  2  shows  typical  (not  best)  values  for 
each  type  of  diode  indicating  that  the  low 
series  resistances  expected  from  fig.  5  could 
be  reached  taking  the  geometrical  difference 
into  account. 

f_  values  for  each  diode  have  been  calculated 
T 

by  estimating  the  junction  and  stray  capaci¬ 
tances.  Values  of  more  than  600  GHz  underline 
the  good  properties  of  these  diodes.  A1  diodes 
typically  show  somewhat  higher  n-factors  of 
1.25  -  1.3.  However,  the  self-aligned  techno¬ 
logy  in  case  of  A1  diodes  leads  to  nearly  100  % 


SIMMARY 


Fig.  5:  Noise  figure  and  conversion  loss  of  a 
Ti  Schottky  diode  versus  bias  current 
and  LO  power  at  35  GHz 


GaAs  Schottky  diodes  have  been  fabricated  for 
mixer  applications  using  a  FET  compatible  pla¬ 
nar  process  which  combines  selective  ion  im¬ 
plantation  and  epitaxial  growth.  Si  implanta¬ 
tion  with  maximum  energies  of  360  keV  and  RTA 
resulted  in  sheet  resistances  of  as  low  as  16 
n/a  .  In  this  way  A1  and  Ti  Schottky  diodes 
were  fabricated  with  series  resistances  of 

2 

about  8  n  for  a  contact  area  of  1 .5  x  6  pm 
and  n-factors  of  typically  1.3  and  1.15  re¬ 
spectively.  In  a  hybrid  mixer  configuration 
Ti  Schottky  diodes  exhibited  a  conversion  loss 
of  5.5  dB  and  a  noise  figure  of  5.0  dB. 
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yield  over  the  waver.  The  lower  n-f actor  of 
typically  1.15  for  Ti  diodes  make  them  even 
more  suited  for  mixing  applications. 

The  highest  fT  values  were  obtained  with  air¬ 
bridge  connections  because  of  lower  stray  ca¬ 
pacitances.  However,  also  A1  diodes  with  fin¬ 
ger  lengths  of  1.5  pm  exhibit  f^  values  of 
about  600  GHz. 

RF  performance  of  such  diodes  has  been  tested 
at  35  GHz  in  a  hybrid  mixer  configuration.  Con¬ 
version  loss  and  noise  figure  were  measured  at 
different  bias  currents  and  LO  powers.  Fig.  6 
shows  a  typical  result  for  a  Ti  Schottky  diode. 
Minimum  conversion  losses  of  5.5  dB  and  minimum 
noise  figures  of  4.5  dB  at  2.5  mA  bias  have 
been  measured.  A1  diodes  show  somewhat  higher 
minimum  values  for  the  conversion  loss  of  6  dB 
and  noise  figure  of  5  dB.  These  results  demon¬ 
strate  that  our  FET  compatible  technology  is 
well  suited  for  MMIC  applications  at  milli¬ 
meter  wave  frequencies. 
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Low- temperature  vapour  phase  epitaxy  was  applied  to  fabricate  multilayer  struc¬ 
tures  like  camel  dlodea  and  camel  transistora.  Using  the  Low  Pressure  Vapour 
Phase  Epitaxy  (LP-VPE)  silicon  camel  diodes  with  a  conversion  loss  as  low  as  6 
dB  at  12  GHz  and  a  noise  figure  of  7  dB  were  realized.  GaAs  hot  electron  tran¬ 
sistors  were  fabricated  by  Organo -Metallic  Vapour  Phase  Epitaxy  (OM-VPE) . 


1.  INTRODUCTION 

The  great  improvement  in  the  gas  phase  epi¬ 
taxy  has  lead  to  the  successful  fabrication  of 
multilayer  structures  like  camel  diodes  in  both 
Si  [1]  and  GaAs  [2].  Moreover,  by  planar  n- 
doping  V-shaped  potentials  were  built  in  GaAs, 
where  2-dim.  electrons  were  proven  to  exist 
confined  to  different  subbands. 

The  camel  transistor,  which  is  the  first  in 
a  new  generation  of  high  speed  transistors, 
consists  of  several  deeply  burled,  very  thin, 
highly  doped  n  and  p  layers  with  extremely 
abrupt  interfaces  [1].  To  realize  this  device, 
low  temperature  processing  and  no  memory 
effects  during  the  epitaxy  are  required. 

For  the  fabrication  of  Si  camel  diodes  the 
vapour  phase  epitaxy  at  reduced  pressure  (LP- 
VPE)  vas  used.  By  this  technique  a  minimum 
epitaxial  temperature  of  735°C  hav<*  b  a- 
chleved  and  sharp  boron  profiles  of  13  nm  over 
two  orders  of  magnitude  [A].  The  particular 
advantage  of  this  technology,  when  using  chlo- 
rosllanea,  is  that  the  devices  can  be  Isolated 
by  selective  growth  on  Si  in  windows  etched  in 
S102-  Si  camel  diodes  with  an  area  as  small  as 
3x3  m<*  >  showing  negligible  leakage  currents 

at  the  periphery,  were  obtained  {5J.  The 
diodes  had  barrier  heights  in  the  range  0.46  • 
0.94  eV  and  ideality  factors  as  low  as  1.08. 

For  GsAs  we  have  optimized  the  organo-metal- 
11c  vapour  phase  epitaxy  (OM-VPE)  in  respect  to 


thin  and  highly  doped  multilayers  by  using  Mg 
and  Se  as  dopants  and  extremely  low  growth 
rates  [6].  Se  allows  to  adjust  donor  concentra- 
tions  greater  than  10  cm  and  sharp  transi¬ 
tion  widths  when  growing  with  low  growth  rate 
(1.8  nm/mln).  Using  bis-mathylcyclopentadienyl- 
magnesium  and  a  low  growth  rate,  too,  of  8 
nm/mln  a  precise  control  over  the  acceptor 
concentration  la  possible.  Table  1  shows  the 
main  characteristics  of  the  deposition  tech¬ 
niques  used  in  this  work. 

In  the  following,  some  recently  obtained 
results  related  to  LP-VPE,  respectively  OM-VPE 
grown  camel  diodes  and  transistors  will  be 
presented. 

2.  DEVICE  FABRICATION 

2.1.  Si  camel  diodes 

The  basic  structure  of  the  Si  camel  diode  is 
shown  in  flg.l.  The  diodes  were  fabricated  in  2 
inch,  (100)  wafers  1.5  m  Ocm.  First,  a  1  m»* 
thick  SIO2  layer  was  thermally  grown.  Then 
windows  with  diameters  ranging  from  3|ato  400 
Mm  ware  opened  in  the  oxide  using  dry  etching. 
After  a  cleaning  procedure  the  substrates  were 
loaded  into  the  reactor  and  three  layers  were 
grown  in  one  run.  These  are  an  undoped  n* -layer 
0.8-1  m*i  thick,  with  an  n-type  background  of 
(l-5)xl016  cm'3,  a  p+- layer  7-20  nm  thick,  (5- 
8)xl018  cm'3,  and  a  n+-layer  20  nm  thick  3xl019 
cm  doped.  At  the  bottom  AuSb  was  deposited 
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Table  1.  SURVEY  OF  DEVICE  DEPOSITION  CHARACTERISTICS 


Si  -  LPVPE 

GaAs  -  OMVPE 

reactor 

quarz  cold  wall 

heating 

halogen  lamps 

temperature 

800°-  823°  C 

600°  C 

pressure 

0.002  bar 

1  bar 

gases 

SiCl2H2,  H2 

AsH3,  tmg,  h? 

doping 

in  situ 

in  situ 

doping  gases 

*  ^3 

t^Se ,  M2Cp2Mg 

specials 

selective  growth 

two-step  growth 

FIGURE  1 

Schematic  diagram  for  a  selectively  grown  Si 
bulk  unipolar  camel  diode. 


and  annealed  at  450°C  for  5  min.  Then  at  the 
top  Tl/Pt/Au  was  deposited  and  annealed  at 
300°C  for  2  min. 

2.2.  GaAs  hot  electron  transistor  structure 

The  hot  electron  transistor  structure  was 
grown  In  two  steps  in  order  to  be  able  to 
contact  the  thin  base.  First,  the  camel  collec¬ 
tor  was  grown.  It  consists  of  a  lxlO36  cm'3  Se 
doped  n' -layer  500  nm  thick  ,  a  Mg  doped  p- 
layer  (5-20)xl017  cm'3  which  Is  10-20  nm  thick 
and  a  Se  doped  n+- layer  2xl03®  cm'3  ,  50  nm 
thick.  This  n+-layer  is  the  base  region  of  the 
transistor.  Then  a  mesa  etching  was  performed 
to  define  the  collector  area.  A  CVD  deposition 
at  350°C  of  0.1  pm  SIO2  followed.  Holes  were 
dry  etched  into  the  Si02  to  define  the  emitter 


area.  A  second  epitaxy  followed  for  the  camel 
emitter.  The  epitaxy  sequence  was  this  time 
p/n' /n+  with  similar  doping  and  thickness  va¬ 
lues  as  for  the  collector  diode.  During  this 
step  GaAs  was  deposited  epitaxially  in  the 
holes  on  GaAs  and  in  polycrystalline  form  on 
the  Si02.  After  epitaxy,  the  polycrystalline 
deposition  on  the  Si02  was  removed  by  a  chemi¬ 
cal  etch,  and  a  1  pm  thick  SiO  layer  was  depo¬ 
sited  by  an  electron  gun.  With  one  photolitho¬ 
graphic  step  the  emitter,  base  and  collector 

contact  windows  were  opened  into  the  SiO.  The 

o 

emitter  area  was  10x10  pm  .  Then  Pt/Si/Au  was 
deposited  and  contacts  were  defined  by  lift¬ 
off.  A  thermal  annealing  at  350°  C  was  per¬ 
formed  to  obtain  ohmic  contacts . 


Pt/Si/Au 


I 


FIGURE  2 

Schematic  diagram  of  a  hot  electron  transistor 
in  GaAs 
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3.  DEVICE  RESULTS 

3.1.  SI  camel  diodes 

The  carrier  profile,  recorded  by  using  the 
Polaron  C-V  profiler,  is  shown  in  fig. 3  for  a 
three  layer  structure  grown  as  follows:  an 
undoped  layer  was  grown  at  848°C,  then  the 
temperature  was  lowered  to  803°C  and  IS  nm 
boron-  and  10  nm  phosphorus  doped  Si  was  depo¬ 
sited.  The  n+- layer  could  not  be  detected  owing 
the  high  doping  level. 

Varying  the  thickness  and/or  the  concentra¬ 
tion  of  the  boron  doped  region  it  was  possible 
to  fabricate  camel  diodes  with  zero  volt  bar¬ 
rier  heights  ranging  from  0.46  eV  to  0.88  eV. 
Fig. 4  shows  I-V  characteristics  of  four 
diodes,  grown  selectively  in  SO  /m  windows.  The 
diodes  have  good  ideality  factors  of  1.1-1. 2 
and  low  leakage  currents.  This  was  verified  by 
measuring  diodes  with  different  area  deposited 
in  one  run  and  which  revealed  proportionality 
between  current  and  area  over  many  orders  of 


FIGURE  4 

I-V  characteristics  of  selectively  grown  Si 
bulk  unipolar  camel  diodes.  Diode  diameter:  SO 
jim. 

a)  n-  1.08  and  4  -  0.46  eV; 

b)  n-  1.16  and  4  -  0.59  eV; 

c)  n-  1.22  and  4  -  0.80  eV; 

d)  n-  1.15  and  4  “  0.88  eV. 

4  -  zero  voltage  barrier  height 


Si  146 


FIGURE  3 

Electrochemical  C-V  profile  of  a  three  layer 
structure  in  Si  (n+/p+/n*  on  «  n+  substrate). 
The  n" -layer  was  grown  at  848°C  and  is  uninten¬ 
tionally  doped.  The  doped  layers  were 
subsequently  grown  at  803°C. 

i 

i 
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magnitude.  For  noise  figure  and  switching 
time  measurements  the  diodes  were  incorporated 
in  micro- strip  lines.  The  diodes  were  switched 

2 

from  a  forward  current  density  of  1000  A/cm  to 
the  steady-state  reverse  current.  The  measured 
switching  time  was  below  0.4  ns  and  no  storage 
phase  was  detected.  This  is  an  indication  of 
the  absence  of  minority  carrier  effects.  For 
noise  measurements  the  diodes  were  used  as 
single  ended  mixers  [5] .  At  a  signal  frequency 
of  2  GHz  a  conversion  loss  as  small  as  4.2  dB 
and  a  single  side  band  noise  figure  of  4.8  dB 

was  measured.  Diodes  with  a  smaller  area,  for 

2 

instance,  8x8  /m  revealed  a  loss  of  6  dB  and  a 
noise  figure  of  7  dB  up  to  12  GHz. 

3.2.  GaAs  hot  electron  transistors 
To  allow  the  measurement  of  the  transistor 
doping  profile  by  the  C-V  electrochemical 
method,  it  was  necessary  to  grow  thicker  n-  and 
p- layers  ,  around  lOOnm  (  which  is  much  more 
than  is  needed  for  the  camel  transistor).  Flg.S 
shows  the  layer  sequence  and  the  measured  do- 
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depth /pm 


FIGURE  S 

Doping  profile  of  e  GaAs  teat  structure  with 
thick  n  -  (base)  and  p-  (barrier  region)  re¬ 
gions  determined  by  a  Polaron  C-V  Profiler. 


ping  profile  of  a  camel  transistor  test  struc¬ 
ture.  Fig.  5  clearly  shows  that  under  optimized 
growth  conditions  the  OM-VPE  offers  access  to 
this  group  of  hot  electron  devices. 

Fig. 6  shows  the  coaon  emitter  characteris¬ 
tic  of  a  camel  transistor  with  a  50  nm  base, 
the  maximum  current  gain  is  low  at  0.16  (7]. 
This  is  mainly  due  to  fact  that  the  base  is  at 
least  three  times  thicker  than  the  mean  free 
path  of  electrons.  A  high  Increase  in  the  cur¬ 
rent  gain  la  expected  If  transistor  structures 
with  a  much  thinner  basa  will  be  realized.  This 
was  demonstrated  for  MBK-grown  GaAs  hot  elec¬ 
tron  transistors  which  showed  a  gain  of  15  (8]. 

4.  CONCLUSIONS 

The  gas  phase  epitaxy  was  susccesfully  ap¬ 
plied  for  both  SI  and  GaAs  to  realize  low  noise 
SI  diodes  suitable  for  high  frequency  applica¬ 
tion  and  GaAs  monolithic  hot  electron  tran¬ 
sistors  . 


FIGURE  6 

GaAs-hot  electron  transistor  characteristic  in 
common  emitter  configuration  measured  at  room 
temperature  (50  /iA/div.  vertical,  500  mV/div. 
horizontal,  500  /iA  base  current  steps). 
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Tungsten  silicide  resistors  in  the  range  50-300  ohm/square  have  been  deposited  on  GaAs  by 
rf  sputtering  and  patterned  by  etching  in  an  SFg  plasma.  The  stability  of  the  resistors 
has  been  demonstrated  by  accelerated  ageing  at  elevated  temperatures.  A  change  in 
resistance  of  less  than  0.3%  after  1000  hours  at  125°C  was  observed  when  a  S^N), 
passivation  layer  was  used  to  encapsulate  the  resistors. 


1  INTRODUCTION 

A  variety  of  different  thin  film  resistor 
materials  have  been  used  in  the  fabrication  of 
GaAs  MMICs,  some  originating  from  discrete  and 
hybrid  component  technology.  Ion  implanted 
GaAs  resistors  are  an  obvious  choice  but  they 
suffer  frcm  non-ohmic  behaviour  at  fields  above 
3*10'’v/m  due  to  velocity  saturation  and  they 
have  a  high  positive  temperature  coefficient  of 
resistance.  Cermet,  nichrome  and  tantalum 
nitride  thin  film  resistors  have  been  used  as 
alternatives  but  have  sane  significant  draw¬ 
backs  in  terms  of  stability,  uniformity  and 
patternability  etc. 

Results  are  presented  on  tungsten  silicide, 
a  material  more  commonly  used  as  a  refractory 
metal  gate  in  self-aligned  MESFET  technology 
[  l] ,  to  show  that  it  can  overcome  many  of  these 
disadvantages.  Its  electrical  properties, 
patterning  by  plasma  etching  and  stability  on 
lifetesting  will  be  described  to  illustrate  the 
advantages  of  this  new  resistor  material. 

2  EXPERIMENT 

2.1  Deposition  and  Patterning 

The  resistor  material  was  deposited  by  rf 
diode  sputtering  of  a  silicon  target  with  a 
tungsten  sheet  overlay  which  had  holes  in  it  to 
vary  the  stoichiometry  of  the  silicide  film.  A 
composition  of  W:Si  *  1.6: 1.0  was  chosen  to  give 
a  sheet  resistance  of  50-300  ohm/sq.  for  thick¬ 
nesses  in  the  range  100-600  nm.  The  deposition 


rate  was  0.2nm/s  at  a  power  of  200W.  The 
resistors  were  patterned  using  an  SFg  plasma  and 
a  photoresist  mask  in  a  parallel  plate  reactor. 
The  etch  rate  of  the  silicide  was  Unm/s  at  a 
pressure  of  266mbar  and  a  power  of  50W. 

A  metal  contact  layer  of  Ti-Pt-Au  was 
deposited  by  electron  gun  evaporation  and 
defined  by  photolithographic  lift-off. 

2 . 2  Measurements 

A  I*  point  probe  was  used  to  measure  the  sheet 
resistance  of  films  and  the  temperature  co¬ 
efficient  of  resistance  (TCR)  was  determined  by 
heating  to  150°C.  Patterned  resistors  were 
measured  using  an  automatic  parametric  tester  in 
conjunction  with  a  stepper  prober.  The 
patterned  resistors  were  subjected  to  acceler¬ 
ated  lifetesting  at  125°C  and  350°C  for  periods 
up  to  lOOOhrs  and  changes  in  resistance  noted. 
Auger  electron  spectroscopy  (AES)  was  used  to 
analyse  the  reasons  for  any  changes  occurring. 

2.3  Ageing  and  Passivation 

Most  thin  film  resistors  require  curing  at 
300-l*00°C  in  air  in  order  to  obtain  stable 
resistance  values  [2],  In  addition,  the 
resistors  are  sometimes  encapsulated  in  a  pass¬ 
ivating  layer  of,  for  example  Si^Nj^  [  3]  ,  to 
prevent  subsequent  drift.  The  effects  of  both 
high  temperature  treatment  and  passivation  of 
silicide  resistors  have  been  assessed  in  terms 
of  resistor  changes  during  subsequent  acceler¬ 
ated  ageing  at  125°C  and  350°C. 
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3  RESULTS 

3.1  Resistivity 

_3 

A  resistivity  of  3*10  ohm. cm  ms  obtained 
with  a  TCR  of  -265ppm/°C.  A  sheet  resistance 
of  300ohms/sq  for  a  film  thickness  of  1 0Onm  ms 
used  to  fabricate  high  value  resistors  up  to 
9kofaa.  The  uniformity  across  a  5Ctm  diameter 
mfer  ms  good  (Table  1 )  with  yields  close  to 
100$. 

TABLE  1  -  RESISTOR  VALUES  ON  A  50nm  WAFER 


(54  LOCATIONS). 

N0M. 

MEAN 

STD. DEV 

R(ohm) 

R(ohm) 

$ 

50 

54.7 

3.84 

500 

508.5 

2.97 

3000 

3154 

3.36 

9000 

9442 

3.35 

Reproducibility  from  mfer  to  mfer  ms  +/-  5$ 


TABLE  3 

-  PLASMA 

ETCH 

TRIMMING 

OF  RESISTANCE 

Etch 

R50 

R500 

R3000 

R9000 

t(s) 

ohm 

ohm 

ohm 

ohm 

0 

28.4 

263 

1630 

4860 

60 

47.2 

417 

2568 

7539 

70 

47.3 

4l8 

2569 

7542 

90 

54.6 

496 

3066 

8938 

A  thicker  silicide  layer  of  600nm  was  used  to 
fabricate  resistors  for  50  otm/sq  target 
values  -  Table  4. 


TABLE  U  -  50  OHM/SQUARE  RESISTORS  ON  A  50mm 
WAFER  (5 LOCATIONS) 


N0M. 

MEAN 

STD. DEV 

R(ohm) 

R(ohm) 

$ 

8.3 

8.74 

9.14 

83 

80.81 

5.19 

500 

479.6 

6.16 

1500 

1467 

4.22 

for  wafers  deposited  and  patterned  at  different 
times  -  Table  2.  The  variation  in  values  is 
due  to  film  thickness  differences,  photoresist 
mask  dimensional  variations  and  plasma  etching 
rate  changes. 

TABLE  2  -  RESISTOR  VALUES  PROM  WAFER  TO  WAFER 


Wafer 

R50 

R500 

R3000 

R9000 

No. 

ohm 

ohm 

ohm 

olm 

1 

54.7 

508.5 

3154 

9441 

2 

51.3 

509.5 

3161 

9417 

3 

47.3 

466.0 

2728 

8177 

4 

52.3 

491.0 

2916 

8623 

The  resistor  values  in  table  2  could  be  trimmed 
after  contacting  and  measurement  in  order  to 
decrease  the  spread  from  mfer  to  mfer.  This 
ms  achieved  by  plamsa  etching  as  for  initial 
patterning  but  at  a  reduced  power  level.  Table 
3  illustrates  the  triaming  of  a  wafer,  which 
ms  initially  too  low  a  value  of  resistance, 
until  the  required  values  were  reached.  The 
results  shew  that  there  is  a  limit  to  the  fine¬ 
ness  to  idtich  the  triaming  can  be  performed  in 
that  there  is  no  change  in  the  resistor  values 
between  60  and  70s,  because  of  the  "induction 
time"  of  the  plasma  process. 


3.2  Accelerated  Ageing 

Experiments  to  establish  whether  a  stabil¬ 
isation  cure  in  air  was  necessary  as  with  other 
thin  film  resistors  showed  a  decrease  in  res¬ 
istivity  of  0.3$  after  1  hour  at  350°C.  A 
corresponding  decrease  in  TCR  from  -265  to 
-150  ppm/°C  ms  observed.  There  were  no 
apparent  differences  between  heating  in  air  or 
nitrogen.  Longer  term  lifetests  at  125°C  and 
350°C  showed  some  differences  between  samples 
which  had  been  pre-aged  and  those  which  had 
not.  Differences  were  also  observed  between 
50  and  300  ohm/sq.  resistors  and  those  which 
had  a  surface  passivating  layer. 

Figure  1  shows  the  percentage  change  in 
resistance  as  a  function  of  time  for  300  ohm/ 
sq.  resistors.  As  may  have  been  expected  the 
mfer  aged  at  350°C  changed  the  most  whereas 
the  one  lifetested  at  125°C  after  a  "burn  in" 
at  350°C  for  1  hour  showed  least  change  in 
resistance  during  ageing. 

Analysis  of  the  resistors  after  the  end  of 
lifetesting  by  AES  showed  that  the  oxygen 
content  of  the  films  varied  dramatically. 

After  100  hours  at  350°C  the  oxygen  content 
ms  20$  at  the  surface  with  a  steep  decrease 
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as  the  GaAs  interface  is  approached.  This  com¬ 
pares  with  a  uniform  concentration  throughout 
the  layer  of  5)6  for  an  untreated  wafer  -  Figure 
2.  A  trend,  dependent  on  the  sheet  resistance 
of  the  silicide,  was  also  observed  -  Figure  3- 
The  change  in  resistance  with  time  became 
negative  rather  than  positive  as  the  sheet 
resistance  decreased;  ie  as  the  thickness  of 
the  film  increased. 


IE +00 


1E+02  1E+03 

TIME,  Hours 


FIGURE  1 


Change  in  resistance  of  300  ohm/sq.  layers  as  a 
function  ageing  at  elevated  temperatures : - 

*  -  125°C 

+  -  125°C  after  pre-age  at  350°C  for  30  mins 
o  -  350°C 


DEPTH,  Hrb  Units 


FIGURE  2 

AES  profile  of  WSi  on  GaAs  after  ageing  at 
350°C  for  100  hours  showing  oxygen  ingress. 
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FIGURE  3 


Change  in  resistance  as  a  function  of  ageing 
at  125°C  for  different  sheet  resistance  layers: 

o  -  50  ohm/sq. 

*  —  1 60  ohm/sq. 

+  -  300  ohm/sq. 

Accelerated  ageing  of  the  50  ohm/sq  re¬ 
sistors  showed  that  again  the  wafer  that  was 
not  preaged  at  350°C  showed  the  largest  change 
with  time  -  Figure  4,  The  pre-aged  wafer  did 
not  show  such  a  large  change  but  the  minimum 
variation  (less  than  0.2)6)  was  achieved  when  a 
passivating  layer  of  Si^N^  was  used  on  top  of 
the  resistors.  There  was  no  difference  due  to 
pre-ageing  when  the  ..wafers  were  passivated 
since  the  plasma  enhanced  deposition  of  the 
Si^N^  was  carried  out  at  325°C.  The  wafer  with 
a  passivation  layer  changed  by  only  0.8)6  after 
100  hours  at  350°C. 

k  DISCUSSION 

The  results  show  that  tungsten  silicide 
resistors  can  be  used  as  alternative  to  GaAs 
bulk  resistors  or  cermets  for  300  ohm/ sq 
design  rules.  They  are  also  viable  alter¬ 
natives  to  NiCr  or  TaN  for  50  ohm/sq  appli¬ 
cations.  They  do  hot  have  the  high  positive 
TCR  of  GaAs  ( 1 500-3200ppn/°C )  which  can  com¬ 
bine  with  that  of  active  components  to  give 
large  parameter  changes  with  temperature. 

Cermet  films  have  been  used  extensively  ( **] 
but  in  common  with  other  workers  we  have  found 
problems  with  stability,  reproducibility,  and 


FIGURE  4 

Change  in  resistance  of  50  ohm/ sq.  layers  after 
accelerated  ageing: - 

<  -  125°C 

*  -  125°C  after  pre-age  at  350°C  for  30  min. 

+  -  125°C  passivated, 
o  -  125°C  passivated  and  pre-aged. 

>  -  350°C  passivated. 

also  pattern  definition  since  they  are  not 
etched  hy  any  of  the  vet  chemicals  or  plasma 
processes  used  in  GaAs  fabrication  technology 

1 51. 

NiCr  and  TaN  [  2]  do  not  suffer  from  such 
great  disadvantages.  However,  WSi  is  easier  to 
deposit  reproducibly  compared  with  TaN,  which 
requires  precise  control  over  a  small  partial 
pressure  of  nitrogen  for  a  particular  resis¬ 
tivity.  WSi  is  also  more  compatible  with  dry 
etching  technology,  for  precise  pattern  defi¬ 
nition  and  resistor  trimming,  than  NiCr  which 
cannot  be  etched  in  fluorine  based  plasmas. 

The  different  trends  in  resistance  variation 
(negative  or  positive  change  for  50  and  300  ohm/ 
sq  material  respectively)  with  accelerated  age¬ 
ing  are  explicable  in  the  light  of  the  AES 
results.  The  thinner  300  ohn/sq  resistors  are 
more  affected  by  the  oxygen  diffusion  into  the 
silicide.  The  oxygen  probably  combines  with 
the  silicon  to  form  Si-0  bonds  which  causes  the 
resistance  to  increase.  Previous  work  has 
shown  that  WSi  deposited  by  sputtering  shows  a 
decrease  in  resistivity  on  treatment  at  elev¬ 
ated  temperatures  for  short  periods  (3Ctains) 


due  to  crystallisation  and  grain  growth.  This 
is  in  agreement  with  results  on  pre-ageing  the 
resistors  and  the  thicker  50  ohm/sq  layers, 
although  a  major  decrease  in  resistivity  vould 
not  be  expected  below  the  crystallisation 
temperature  -  650°C . 

5  CONCLUSIONS 

Tungsten  silicide,  which  is  used  as  a  high 
temperature  Schottky  gate  material  in  GaAs 
MESFETs,  has  been  shown  to  be  a  stable  resistor 
material  for  use  in  GaAs  MMICs.  It  can  be 
reproducibly  deposited  by  rf  diode  sputtering 
and  is  easily  patterned  by  plasma  etching.  Its 
stability  at  high  temperatures  produces  only 
small  drift  in  resistance  during  accelerated 
ageing  especially  if  a  passivation  layer  of 
SijNj^  is  used  to  encapsulate  the  resistors.  It 
is  compatible  with  GaAs  IC  fabrication  tech¬ 
nology  and  is  superior  to  alternative  thin  film 
or  GaAs  bulk  resistors  in  many  respects. 
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MESFETs  ON  H-GalnAs  WITH  BARRIER  ENHANCED  SCBORKT  GATES 


C.Femholz,  W. Lange,  R.Westphalen,  P.Balk,  H.Beneking* 

Institute  of  Sealconductor  Electronics,  Aachen  .Technical  University,  FRG 


Enhancement  of  Schottky  barrier  height  on  n-type  GalnAs  has  been 
achieved  using  Be  implantation  at  low  energies .These  diodes  have  been 
used  as  Schottky-gates  for  the  fabrication  of  n-channel  MESFETs  on 
GalnAs . 


1.  INTRODUCTION 

GalnAs,  lattice  matched  to  InP,  is  an 
important  material  for  optoelectronic  de¬ 
vices.  Due  to  its  excellent  electronic  proper¬ 
ties  (high  mobility  and  electron  velocity) 
JFETs  with  high  transconductance  and  high 
maximum  frequency  of  oscillation  (MAG-1), 
comparable  to  MODFET  performance,  have  been 
achieved  /1.2/  .  Moreover,  the  absorbtion 
edge  at  1.67  pm  wavelength  makes  GalnAs  an 
ideal  candidate  for  optoelectronic  integration. 

It  has  been  proposed  that  enhancement  of  the 
Schottky  barrier  height  may  be  obtained  by 
using  a  thin  counterdoped  fully  depleted  top 
layer  /3/  .  This  method  has  been  successfully 
applied  to  n-type  GalnAs  /4-6/  . 

In  this  paper  we  discuss  the  fabrication  of 
barrier  enhanced  Schottky-  contacts  on  n-type 
GalnAs  using  Be  implantation  and  rapid  thermal 
annealing  (RTA) .  Such  barriers  are  applicable 
to  the  fabrication  of  MESFETs  and  can  also 
be  used  as  fast  photodetectors  /7/. 

2.  EXPERIMENTAL 

Be  implantation  into  n-type  GalnAs  was 
performed  with  energies  of  2  to  6keV  and  doses 
of  1x10^  to  7xl0^ca'^.  The  S-doped  GalnAs 
layers  (  lxl016to  lxl017cm'3  )  were  0.2  to 
0.5  pm  thick  and  deposited  by  VPE  on  semllnsu- 


lating  InP.  RTA  was  performed  in  a  lamp  heated 
furnace  with  13s  rise  time  to  the  peak  tem¬ 
perature  of  800°C  where  it  was  kept  for  Is.  As 
cap  material  SIO2  was  used,  deposited  by 
different  methods  (evaporation,  sputtering  or 
CVD). 


Fig.l:  Atomic  distribution  of  4keV  implan¬ 
tation  of  Be  into  n-type  GalnAs  measured 
by  SIMS  using  3keV  02+  ions 


*present  Adress:  Goebel  Visiting  Professor,  University  of  Michigan, 
Dept,  of  Electrical  Eng.  and  Computer  Sci.,  Ann  Arbor,  Michigan,  USA 


999 


Material  characterisation  was  performed  by 
SIMS  and  PLL  measurements.  Flg.l  shows  the 
typical  atonic  distribution  of  Be,  inplanted 
into  GalnAs  at  low  energies,  where  the  an¬ 
nealed  profiles  indicate  a  strong  diffusion 
towards  the  surface.  A  pronounced  dependence 
of  the  annealed  profile  on  the  nethod  used  for 
the  Si(>2  deposition  could  not  be  detected  in 
our  SIMS  study.  PLL  measurements  at  4K  showed 
good  crystalline  quality  and  an  activation  of 
100%.  These  results  could  be  confirmed  by  the 
excellent  agreement  between  calculated  and 
measured  diode  parameters  (table  1) . 

Diodes  and  transistors  were  fabricated  and 
characterized.  For  structuring  either  a  mesa 
ethlng  technique  (Fig. 2a)  or  a  local  implan¬ 
tation  of  the  p+  region  (Fig. 2b)  was  performed. 
Active  device  areas  were  defined  by  wet 
etching  of  the  GalnAs  down  to  the  InP, 
whereas  the  windows  opened  in  the  S102  were 
etched  by  combining  RIE  and  a  wet  etching  tech¬ 
nique.  The  channel  and  gate  lengths  are  3pm 
and  1.5pm,  respectively,  at  200pm  width. 
Barrier  heights  were  determined  from  1-V, 
I(T)-V  and  C-V  measurements. 


Ti-Pt-Au 


s.t.  InP 


a) 


s.i.  InP 


b) 


Fig. 2:  Cross  sections  of  transistor  struc¬ 
tures  a)  using  an  etched  and  b)  using  a 
local  implanted  gate  region 


3.  RESULTS 

A  barrier  height  enhancement  of  0.42  eV  was 
achieved  resulting  in  leakage  currants  as  low 
as  2xl0'3A/cm2  at  -9V.  This  corresponds  to  a 
gate  leakage  of  O.lpA  (1pm  gate  length).  An  I-V 
characteristic  of  a  diode  is  presented  in 
Fig. 3. 

Table  1:  Measured  and  calculated  barrier  height 
enhancement  on  n-type  GalnAs  for  samples 
Implanted  at  an  energy  of  4  keV  with  different 

doses. 
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keV 

Dose 

~T' 

cm 

4rfg/eV 
(from  Jt) 

A*g/eV 

(calc) 
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0.28 
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4 

2xl014 

0.304 
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Fig.3:I-V  characteristic  of  a  barrier  enhanced 
Schottky- diode  on  GalnAs 
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Test  transistor  channels  wars  fabricated  to 
check  the  saturation  current.  From  Hall 
(pn-7000  ca^/Vs  )  and  BPO-profller  aeasureaants 
and  therefore  known  impurity  distribution  in 
the  channel,  a  saturation  velocity  of 
2x10^ cm/ s  was  calculated.  This  is  a  promi¬ 
sing  value  for  achieving  high  transconduc- 
tances . 

The  first  prepared  transistors  on  0.2 pa 
thick  layers  were  noraally-off  at  2V  source 
to  drain  bias.  This  resulted  in  a  rather  low 
transconductance  of  250/iS/am.  Fabrication 
of  devices  on  thicker  active  layers  la  in  pro¬ 
gress  . 

4.  CONCLUSIONS 

Shallow  Be  implantation  with  excellent 
annealing  characteristics  even  at  high  doses 
can  be  used  to  fabricate  barrier  enhanced 
Schottky  •  diodes  and  quasi  HESFETs  on  n- 
type  GalnAs.  Due  to  the  high  electron  veloci¬ 
ty  in  the  channel  achievement  of  high 
transconductance  transistors  may  be  expected. 
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CONDUCTION  MECHANISMS  ANALYSIS  AND  SIMULATION  OF  1.3  pa  LASER  DIODES 
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Numerical  simulations  and  analytical  models  derived  on  lasers  and  test  structures 
enable  to  determine  the  parameters  which  allow  to  fit  experimental  I(V) 
measurements,  to  pinpoint  the  semiconductor  interface  responsible  for  the  excess 
current  and  to  determine  the  evolution  of  the  performances  under  aging. 


1.  INTRODUCTION 

The  critical  topics  that  are  encountered 
today  in  the  lasers,  for  optical  fiber  telecom¬ 
munications  at  1.3  Mm,  are  increasing  efficien¬ 
cy,  lowering  threshold  current  and  ensuring  tha 
reliability  of  the  device  under  operation. 
Whatever  the  double  heterostructure  laser,  the 
main  difficulties  are  to  obtain  reproducible  1-JZ 
epitaxial  layers,  to  decrease  the  leakage  cur¬ 
rent  and  its  drift  and  to  control  the  evolution 
of  the  device  under  long  term  operation.  For 
these  reasons  it  is  a  necessity  to  understand 
which  from  the  epitaxial  Junctions  are  respon¬ 
sible  for  the  undeslred  current  and  for  the  de¬ 
gradation  of  the  performance  under  operation. 
The  main  idea  is  to  study  separately  the  active 
layer  diodes  and  the  lateral  blocking  layer 
diodes . 


about  300x300  pm2  surface.  There  are  two  types 
of  structure: 

-The  layers  of  the  A  type  (IA  for  NOCVD  and  EA 
for  LPB)  are  those  of  the  laser  cross  section 
through  the  quaternary  active  layer. 

-The  layers  of  the  B  type  (IB  and  EB)  are  the 
same  as  type  A  without  the  quaternary  layer. 

The  unidimensional  conduction  behavior  in 
these  structures  of  well  known  surfaces  allows 
the  interpretation  of  the  measured  electrical 
characteristics.  The  A  type  structures  are  re¬ 
presentative  of  the  only  active  region  of  the 
lasers  without  confining  and  blocking  layers  ef¬ 
fects.  Both  forward  and  reverse  bias  characte¬ 
ristics  of  the  B  type  structures  have  been  mea¬ 
sured  in  order  to  characterize  n  p  InP  junctions 
which  compose  the  blocking  layers  in  both  type 
of  lasers. 


2.  LASERS  AND  EXPERIMENTAL  STRUCTURES 

Two  type  of  1.3  Pm  lasers  have  been  studied: 
-Type  I  are  BH  lasers  from  Thomson  CSF  realized 
by  MOCVD  epitaxial  technique. 

-Type  I  are  DCPBH  lasers  from  COE  using  the  LPE 
technique  for  the  layer  growth. 

The  test  structures  which  have  been  charac¬ 
terized  have  been  performed  using  both  techni¬ 
ques,  NOCVD  and  LPE,  and  are  issued  from  tha 
tame  fabrication  linat  as  the  lasers.  They  are 
all  composed  of  uniformed  layers  and  contacts  on 
the  whole  surface.  They  are  cutted  in  samples  of 


3.  NUMERICAL  SIMULATION 

The  simulation  of  the  electrical  behaviour  of 
the  laser  is  performed  by  solving  the  general 
equation  set  of  the  static  drift  diffusion  model 
to  describe  heterojunctions  under  Fermi-Dirac 
statistics  [1]: 


-qnp„grmd  <P„ 

-qPPpSrmd  <Pp 


div  c  grad  V  ■  q  (n-p-dop) 

i  -  —  div  J  ■  -  U  with 

q  ■ 

-  div  T  ■  -  U 

q  9 

with  *  the  electrostatic  potential  and  «Pn .  <Ppthe 
electron  and  hole  electrochemical  potentials. 
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lie  carrier  densities  n,  p  are  expressed  using 
Fermi-Dirac  statistics  in  the  parabolic  band 
assumption: 


»C*l/2 


"kT 


"v*:  / ; 


-w-x- 

icT 


with  x  the  electronic  affinity  and  B#  the  band 
gap.  The  generation-recombination  term  U  takes 
into  account  the  three  main  phenomena  Involved 
up  to  the  threshold  current;  U  •  UT  +  Utp  +  UA  : 
■  The  deep  center  thermal  recombination;  the  as¬ 
sumption  is  made  that  the  whole  thermal  recombi¬ 
nation  can  be  described  considering,  in  each 
layer,  one  dominant  deep  level  center.  The  ener¬ 
gy  level  of  this  mean  deep  center  la  usually 
considered  to  be  located  at  midgap.  In  fact 
there  is  no  reason  for  this,  and  for  the  active 
quaternary  layer  we  found  that  the  energy  level 
of  the  main  deep  center  was  above  midgap.  Under 
Fermi-Dirac  statistics,  the  formulation  is  [1]: 

fVtfPn 


UT 


np  -  n.p. 


Tp (n+n, )  vrn (p-*pt ) 


with  < 


n.-n  exp 


p,«p  exp 


l  J 
[^] 


Ej  is  the  energy  level  of  the  center,  tb,  Tp  the 
extrinsic  lifetimes  of  the  carriers  which  depend 
on  the  center  density. 

■  The  band  to  band  spontaneous  optical  emission: 
This  term  is  expressed  so  as  to  be  valid  at  ther¬ 
mal  equilibrium  under  Fermi  Dirac  statistics: 

[Wn'Wpl 

U.P  *  Bo  ("P  *  niPi )  niPi*  "P  exP| — - 


■  The  Auger  recombination:  this  term  uses  a  mean 
value  for  hole  and  electron  processes  as  n  •  p 
when  Auger  recombination  occurs. 

UA  “  c*(n  +  P)(nP  "  niPi);  niPim  nP  ®*P 


■<N>n-q<ppi 
I  kT 


All  the  physicals  parameters  used  in  this 
equation  aet  are  temperature  dependant  so  that 
the  simulation  can  be  performed  as  a  function  of 
the  device  temperature  T. 

Figure  1  shows  the  simulated  1.3  Pm  laser 
band  diagram  for  .8  V  forward  bias  voltage.  It 
corresponds  to  high  injection  level  before 
threshold  current.  This  figure  shows  that,  due 
to  the  high  carrier  densities  in  the  quaternary, 
Ferai-Dirac  statistics  have  to  be  used.  As  a 


•v 


FIGURE  1 

Band  diagram  of  a  .8  V  biased  laser. 


consequence  the  current  voltage  characteristic 
cannot  be  describe  by  the  approximation 
I(V)  *  I0  (exp(qV/qkT)-l)  which  supposes  the  use 
of  the  Boltzmann  statistics  (whatever  the 
ideality  factor  e) . 

4.  THE  PHYSICAL  PARAMETERS 

Most  of  the  physical  parameters  such  as  ef¬ 
fective  masses  and  forbidden  bandgap  energies 
have  been  found  without  ambiguity  in  the  litte- 
rature.  More  attention  was  taken  concerning  B0 
and  CA .  The  1.3  pm  spontaneous  band  to  band  emis¬ 
sion  constant  is  Bfl  *  10' 1 “ernes'1 (T/300)1 ■ 5  . 
Some  discrepancy  on  the  Auger  coefficients 
appears  in  the  litterature.  Among  the  possible 
values,  CA«  3-6  10'27exp(-1280/T)  cm^s'1  has 
been  chosen  (CA«  5  10" i,cm&s‘ 1  at  room  tempera¬ 
ture).  Agreement  of  these  values  have  been 
obtained  by  comparison  with  I(V)  measured 
characteristics  of  the  A  type  structures,  as  a 
function  of  the  sample  temperature.  These  physi¬ 
cal  parameters  are  fixed  for  all  the 

computations. 

5-  SIMPLIFIED  MODEL 

From  the  numerical  simulation  it  has  been 
found  that  the  current  due  to  recombination 
terms,  outside  the  quaternary  active  layer, 
were  always  negligeable  in  this  type  of  struc- 
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ture .  So  that  the  current  can  be  directly  desc¬ 
ribed  by  the  Integral  ot  the  recoabinatlon  teres 
In  the  quaternary  layer.  Carrier  densities 
Increase  rapid1,  in  the  quaternary  whan  Increa¬ 
sing  the  bias  voltage  and,  when  n  >  10l5cm'J,the 
assumption  n  «  p,  over  the  whole  layer  uoluae 
w avatar*  can  ^  aade.  Froe  these  two  sssuaptlons 
an  I(v),V(v)  foreulatlon  can  be  derived  where 
the  parameter  v  is  the  carrier  density  into  the 


active  layer. 


rf. _ i _ 

Vo (2v  ♦  nj] 


♦  B„  ♦  2C.V  .v. 


let  the  Inverse  function  of  'i/a  which 

can  be  nueerically  computed: 

v»»  ■  r  (E.  •  *  v<*> 

r0  is  the  carrier  lifetlee  in  the  quaternary  and 
n,  is  representative  of  the  energy  level  of  the 
sain  recoebinaison  center  All  the  physical 
parameters  used  in  this  foreulatlon  are  those 
which  are  used  in  the  numerical  simulation  and 
are  temperature  dependant.  The  main  difference 
between  the  two  models  lies  in  the  aerial  resis¬ 
tance  Rs.  The  resistivity  of  the  semiconductor 
materiel  is  implicitly  taken  into  account  In  the 
numerical  simulation  (p  InP  layer),  whereas  It 
has  to  be  added  in  the  simplified  model.  In  both 
cases  the  contact  resistance  has  to  be  Inclu¬ 
ded.  The  only  three  adjustable  parameters  are  r0 
and  n: ,  which  concern  the  recombination  canter, 
and  Re . 


6.  DISCUSSION 

The  experimental  I(V)  characteristic  of  a 
laser  is  plotted  In  figure  2.  This  figure  shows 
the  result  given  by  the  model  and  the  contribu¬ 
tion  of  each  of  three  recoabinatlon  terns  to  the 
total  current.  It  can  be  seen  that  each  of  the 
terms  participates  to  a  different  part  of  the 
characteristic.  The  low  current  range  princi¬ 
pally  depends  on  the  thermal  recoabinatlon  tare. 
The  two  paraaeters  of  this  tare  are  t(i  the 
lifetime  of  the  carriers,  and  nt  which  directly 
depends  on  the  energy  level  of  the  main  recoabi¬ 
natlon  center  involved.  Changing  nt  changes  the 
slope  and  the  shape  of  the  curve.  The  lifetiae 
acta  on  the  amplitude  of  the  curve,  so  that 


Voltage  (  V  ) 

FIOURS  2 

I(V)  characteristic  from  experiment  and  model: 

contribution  of  the  three  recombination  terms. 

these  two  paraaeters  are  Independent  and  can  be 
deduced  by  fitting  the  experimental  curves  (whan 
fixed  they  have  to  fit  at  any  teaperature) . 

Figures  3  and  4  show  coaparison  between  expe¬ 
riment  and  model  for  the  two  type  of  lasers  at 
two  temperatures. 

The  obtained  results  are  very  close  for  both 
types  of  laser.  The  lifetiae  ranges  between 
soaa  10' *s  and  10**s  ,  depending  on  the  concen¬ 
tration  of  the  recombination  centers. The  n, 
value  ranges  between  10*  *  and  10l7cm' 5 .  This 
means  that  the  mein  recoebinaison  canter  energy 
level  Is  rather  close  either  to  conduction  or  to 
valance  band  and  seems  to  be  the  Independent  of 
the  epitaxial  technique. 

Figures  3  and  4  also  show  that  the  eodal  Is 
not  able  to  describe  the  very  low  currents.  This 
current  excess  (by  regard  to  the  expected  cur¬ 
rent  given  by  the  nodal)  was  first  supposed  to 
take  its  origin  In  the  lateral  blocking  layers. 
For  M  lasers,  the  IB  structures  give  direct 
carec  ter isation  of  the  current  flowing  In  the 
lateral  blocking  layers.  The  measured  I(V) 
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FIGURE  3 

Comparison  between  experiment  and  model  for 

a  type  I  BH  laser  at  20'C  and  50’C 

characteristics  show  currents  some  order  of  mag- 
nitude  higher  than  those  expected  in  p  n  InP  ho¬ 
mo  junctions.  Moreover  the  slope  of  the  curves 
cannot  be  describe  by  the  drift  diffusion  model. 
The  study  performed  as  a  function  of  the  tempe¬ 
rature  led  us  to  think  that  the  current  is  due 
to  tunnel  effect  through  deep  center  located  at 
the  interface  between  n  InP  and  the  regrowth  p 
InP  epitaxial  layer.  This  behaviour  is  more  ge¬ 
nerally  found  in  abrupt  heterostructure  than  in 
homo junctions .  The  fact  is  that  both  epitaxial 
techniques  exlbit  the  same  behaviour  and  that  it 
nay  be  conclude  to  the  very  high  density  of  de¬ 
fects  at  the  regrowth  interface.  Nevertheless 
the  magnitude  of  the  current  is  small  enough  to 
be  neglected  with  regard  to  the  current  density 
flowing  in  the  quaternary  active  layer.  Our  con¬ 
clusion  is  that  the  excess  current  does  not  come 
from  the  lateral  blocking  layers,  neither  from 
the  quaternary  diodes,  but  takes  its  origin  at 
the  Interfaces  between  quaternary  layer  and  la¬ 
teral  layers. 


FIGURE  4 

Comparison  between  experiment  and  model  for 
a  type  H  DCPBH  laser  at  20 "C  and  SO’C 

The  difference  between  measurement  and  model 
gives  the  excess  of  current  and  its  evolution 
when  aging.  Moreover  the  fitted  model  gives  the 
evolutions  of  the  lifetime  in  the  quaternary  and 
of  the  serial  resistance:  typical  variation  de¬ 
duced  after  20  hours  aging  at  70’ C  and  150  mA 
current  are  1.4  10* 8  to  4  10' ^s  for  t0  and  5*5 
to  15  0  for  R0 . 

7.  CONCLUSION 

For  laser  reliability  studies,  the  proposed 
models  permit  to  identify  and  separate  the  main 
contributions  to  the  current  characteristic  of 
the  lasers  and  their  evolutions  when  aging. 
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G.  CONTE,  F.  FANTINI*  F.  MAGISTRALI 

Telettra  S.p.A.,  Quality  and  Reliability  Dept.  -  20059  Vimercate  -  Italy 
M.  VANZI 

Telettra  S.p.A.,  Quality  and  Reliability  Dept. -Via  Capo  di  Lucca  31-40126  Bologna  -  Italy 


The  techniques  used  in  characterizing  the  GaAs  based  lasers  and  LED's  are  described 
and  failure  analysis  results  are  reported  for  devices  coming  from  incoming  inspection, 
qualification,  equipment  production  and  field  application.  A  detailed  classification 
of  failure  modes  and  the  correlation  with  failure  mechanisms  is  shown  by  dividing 
among  external  overstresses,  package  and  die-related  problems. 


INTRODUCTION 

The  reliability  of  emitting  devices  is  still 
considered  the  major  limiting  factor  for  the 
spread  of  optical  communication  systems ,  so 
that  redudancy  is  used  where  very  strict  relia¬ 
bility  targets,  as  in  submarine  cables,  are 
imposed  [1 ). 

Although  GaAs  based  emitters  have  been  used  . 
for  more  than  ten  years  in  optical  systems, 
very  few  reliability  data  are  available,  also 
because  they  are  usually  considered  company 
confidential ,  and  the  few  data  published  in 
literature  [2-3]  ,  are  quite  unsatisfactory. 
Moreover,  when  they  arise  from  really  operating 
equipment,  they  do  not  contain  any  data  about 
the  causes  of  failure  [3],  On  the  contrary, 
most  of  the  available  data  come  from  the  ac¬ 
celerated  tests  [4]  so  that  the  correlation 
between  the  stress  tests  and  field  reliability 
has  not  been  demonstrated. 

In  this  paper  we  report  the  results  of  fail¬ 
ure  analyses  performed  on  Light  Emitting  Diodes 
(LED)  and  Laser  Diodes  (LD),  coming  from  the 
different  stages  of  production  and  use  of  tel¬ 
ecom  equipment,  including  the  qualification, the 
incoming  inspection  of  the  devices,  the  equip¬ 
ment  testing  phases  and  the  field  application. 
The  major...  of  these  results  are  related  to 


GbAIAb  devices,  but  some  results  on  GaAs  LED's 
and  InP  based  LD's  are  also  reported. 

2.  TECHNIQUES  FOR  FAILURE  ANALYSIS  AND  TECHNO¬ 
LOGICAL  CHARACTERIZATION 

Owing  to  the  novelty  of  these  devices,  with 
respect  to  Silicon  IC's,  extended  character¬ 
izations  were  performed  for  qualification  pur¬ 
pose.  Among  the  microscopical  and  microanalyti 
cal  investigations  performed  the  most  effec¬ 
tive  was  Scanning  Electron  Microscopy  (SEM) 
examination  of  cross  sectional  specimens,  as 
shown  in  figures  1  and  2.  They  were  prepared 
by  careful  grinding  and  lapping  single  chips, 
removed  from  the  package  and  tightly  glued 
against  a  soft  glass.  The  exposed  surface, 
properly  stained,  clearly  shows  heterostructu- 
res  and  p-n  homo junctions  in  GaAs.  This  infor¬ 
mation  is  necessary  in  failure  analysis,  which 
requires  the  combination  of  optical  and  infra¬ 
red  microscopy,  conventional  SEM  and  Electron 
Beam  Induced  Current  (EBIC). 

Figure  3  shows  the  images  of  a  good  GaAlAs 
laser,  obtained  by  optical,  infrared  and  scan¬ 
ning  microscopy,  and  EBIC.  Optical  microscopy 
helps  in  detecting  the  most  evident  damage  on 
chip,  fiber  or  package.  Infrared  microscopy  of 
the  emittpd  light,  or  electroluminescence  (EL) 
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Fig.  1  SEM  cross-sectional  view  of  a  GaAlAs 
oxide  stripe  laser. 


Fig.  2  SEM  cross-sectional  view  of  a  InGaAsP 
buried  crescent  laser. 


Fig.  3  a)  Optical,  b)  EL,  c)  SEM  and  d)  EBIC 
images  of  a  good  GaAlAs  LD. 


performed  by  means  of  a  suitable  converter  ap¬ 
plied  to  a  conventional  optical  microscope, 
indicates  possible  emission  anomalies.  Un¬ 
fortunately,  it  is  shielded  by  the  metallic 
contact  layers  and  its  resolving  power  is 
severely  limited  by  lens  aberrations  at  such 
a  large  wavelength.  Conventional  SEM  gives 
high  resolution  images  of  device  surfaces. 
EBIC  technique  is  effective  when  the  active 
region  of  the  device  lies  near  the  top  surface  , 
because  of  the  short  penetration  depth  of  the 
SEM  electron  beam.  When  applicable,  it  is  a 
powerful  tool  in  localizing  high  recombination 
sites  in  the  whole  area  of  the  active  layer, 
also  out  of  the  lasing  region.  The  different 
distribution  and  thickness  of  the  layers  sepa¬ 
rating  the  active  region  from  the  top  surface 
modulates  the  EBIC  signal  in  a  complicated 
way,  so  that  a  direct  interpretation  of  EBIC 
images  may  be  troublesome.  However  useful  in¬ 
formation  is  extracted  by  comparing  the  images 
of  good  and  failed  devices. 

3.  FAILURE  ANALYSIS  RESULTS 

3.1.  GaAlAs  LD 

The  failure  modes  of  many  GaAs/GaAlAs  oxide 
Btripe  LD's,  coming  from  incoming  inspection 
(I),  qualification  (Q) ,  equipment  production 
(P)  and  field  application  (F),  were  classified 
according  to  the  optical  power  transmitted 
across  the  fiber,  the  photocurrent  induced 
into  the  monitor  diode  and  the  I-V  characteri¬ 
stics  of  the  diode.  Three  groups  of  failure 
modes  were  identified,  as  shown  in  Table  I. 

TABLE  I 

Failure  mode  classification 


A 

B 

C 

opt.pwr  in  fiber 

none 

none 

reduced 

monitor  photocurr. 

none 

regular 

reduced 

laser  IV  charact. 

degraded 

regular 

regular 

percentage 

18% 

14% 

68% 

occur ance 

IPF 

PF 

QPF 

Mode  A  was  always  due  to  evident  destructive 
phenomena,  such  as  the  LD  burn-out  shown  in 
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Fig.  4  (an  electrical  short  circuit  was  measu¬ 
red),  and  melted  or  mechanically  broken  wires. 
The  failure  mechanism  may  be  classified  as  an 
external  overstress  [  5  ]. 


Fig.  4  SEM  image  of  a  burned  GaAlAs  LD. 

Mode  B  was  related  to  mechanical  fiber  shift 
(fig.  5)  or  misalignement,  possibly  caused  by 
improper  mounting. 


Fig.  5  Optical  micrograph  of  fiber  displacement 

Mode  C  was  the  more  frequent  but  also  the 
more  difficult  to  understand.  It  showed  typical 
EL  image  with  reduced  emission,  in  agreement 
with  electro-optical  measurements  (fig.  6),  but 
a  clearer  understanding  was  given  by  EBIC  inves 
tigation,  which  enabled  us  to  identify  three 
different  situations:  a)  damage  circumscribed 
to  the  mirror  area  (fig.  7a);  b)  formation 


Fig.  6  EL  image  of  LD  showing  degraded  emission 
at  the  facets. 


of  dark  line  defects  (DLD)  6  into  and  around 
the  lasing  stripe  (fig.  7b)  and  c)  large  dark 
areas  outside  the  stripe  region  (fig.  7c). 
Mirror  damage  was  usually  present  in  cases 
b)  and  c) ,  too. 


Fig.  7  EBIC  image  of  degraded  LD's.  a)  Only 
mirror  damage,  b)  DLD  in  lasing  stripe, 
c)  large  dark  area  of  enhanced  recombi¬ 
nation  out  of  the  stripe. 

Mirror  damage  is  an  effect  of  excess  current 
injection.  It  was  caused  by  erroneous  opera¬ 
tion  in  case  a) ,  and  by  the  feedback  circuit 
employed  to  keep  the  output  power  constant,  in 
case  b).  No  clear  correlation  between  the  im¬ 
ages  and  the  failure  causes  has  yet  been  found 
for  case  c),  although  a  mechanism  similar  to 
case  b)  could  be  assumed.  In  both  cases  the 
growth  of  the  intrinsic  defect  reduces  the 
radiative  fraction  of  recombination,  causing 
the  monitor  diode  to  measure  a  lower  power 
emission  and  consequently  to  require  more  and 
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more  current  to  restore  the  proper  optical 
performance,  until  catastrophic  damage  of  the 
highly  stressed  facets  occurs. 

3.2.  GaAlAs  LED 

In  spite  of  their  simpler  structure,  LEDs 
are  frequently  more  difficult  to  analyse:  the 
lack  of  a  double  access  to  emission  measurement 
(fiber  and  back-monitor  diode  in  LDs,  just  fiber 
in  LEDs)  and  the  almost  general  impossibility 
of  taking  EBIC  images  of  the  devices  having  the 
active  region  at  the  bottom  of  the  chip  limited 
the  available  techniques  to  EL  and  optical 
microscopy. 

Figure  8  shows  the  EL  image  of  a  LED  whose 
failure  mode  was  found  in  75%  of  analysed  de¬ 
vices  and  could  be  compared  with  mode  C  of 
Table  I  (optical  degradation  and  correct  elec¬ 
trical  characteristics),  and  the  associated 
failure  mechanisms,  that  is  the  growth  of  large 
non-radiative  regions,  preferentially  along 
defined  crystallographic  direction,  seems  to 
be  related  to  metal-semiconductor  interaction 

[7]. 


Fig.  8  Infrared  images  of  a  degraded  GaAs  LED. 

a)  sum  of  emitted  (EL)  and  reflected 
light;  b)  enlarged  EL  image  of  the  emit¬ 
ting  area,  showing  oriented  defect  struc 
ture. 

3.3.  InGaAsP  LDs 

For  InP  lasers  a  classification  of  failure 
modes  like  that  of  Table  I  cannot  yet  be  drawn. 
Failure  modes  A  and  B,  which  are  not  related  to 
the  chip  technology,  have  been  identified 
(fig.  9),  in  70%  of  the  cases  while  the  devices 
that  show  a  situation  like  mode  C  are  very 
difficult  to  analyse,  due  to  the  complicated 
structure  involved.  Work  is  in  progress  in  or¬ 
der  to  extend  previously  described  techniques 


to  these  optical  emitters. 


Fig.  9  a)  SEM  image  of  a  burned  InGaAsp  LD. 
b)  enlarged  view  of  the  burned  area. 

4.  CONCLUSIONS 

The  techniques  presented  in  this  paper 
enable  the  failure  mechanism  affecting  emitting 
devices  for  optical  fiber  communications  to  be 
identified. 

Over  30%  of  the  failures  are  due  to  the 
electrical  overstresses  and  mechanical  prob¬ 
lems,  in  particular  associated  with  the  coup¬ 
ling  between  device  and  fiber.  In  the  other 
devices,  the  damage  of  the  facets  of  GaAlAs  is 
a  common  failure  mechanism,  probably  due  to 
excess  optical  power  in  devices  which  failed 
in  a  very  short  time  during  testing,  but  coup- 
pled  with  DLD's  in  the  active  stripe  for  devi¬ 
ces  that  lived  for  longer  times  in  controlled 
conditions.  Non  radiative  regions  were  also 
found  in  degraded  LEDs. 
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Abstract.  Electro-optical  characteristics  evolution  of  InGaAsP/InP  lasers  after  12000  hrs 
life  tests  with  respect  to  their  technological  -  crystallographic  critical  points  Is  ana¬ 
lyzed.  In  particular  It  was  found  the  Indlue  die-attach  is  wore  rellale  than  Is  thought;  In 
addition,  through  dynaalc  thermal  resistance  measurements,  it  Is  possible  to  screen  out 
badly  soldered  devices.  Gold  diffusion  was  a  degradation  process  always  present  even  If  It 
was  not  always  the  sain  one.  Specific  crystallographic  defects  result  In  Influencing  the 
ageing  behaviour  both  directly  favouring  pulse  threshold  current  Increase  and  Indirectly 
promoting  thermal  process  like  gold  migration.  Different  SEM  technics  (SEI,  EBIC,  EDAX)  and 
Auger  analysis  are  employed  to  analyze  degraded  devices. 
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1  -  INTRODUCTION 

We  discuss  the  results  of  12000  hour  life 
tests  making  correlations  between  electro-op¬ 
tical  characteristics  evolution  and  techno¬ 
logical/crystallographic  critical  points. 

The  examined  devices  are  1.3  pa  InGaAsP/InP 
lasers  whose  structure  Is  shown  In  figure  1. 


Fig.  1  -  Schematic  structure  of  tested 
InOaAsP/InP  laser 

They  have  been  tested  In  CM  operation  at  con¬ 
stant  optical  power  (3  aM  per  facet)  at  3  tem¬ 
peratures  (25,38,  45*C) . 

Figure  2  shows  the  percentage  variation  of 
CM  threshold  current  at  20*C  for  each  device 
with  time. 

2  •  DIE-ATTACH 

All  devices  are  mounted  p  -  side  down  on  a 


Fig.  2  -  CM  threshold  current  percentage 
variation  at  20*C  vs.  ageing  time 

gold  plated  copper  heat  -  sink  with  a  thin 
film  of  indium  solder.  A  careful  observation 
showed  the  presence  of  some  voids  Inside  the 
solder,  even  If  seldom  located  exactly  below 
the  stripe  region.  The  presence  of  voids  In¬ 
fluence  the  device  behaviour  only  when  they 
are  exactly  located  under  the  active  region, 
that  Is  when  they  are  "hot  voids"  [1].  Dynaalc 
thermal  resistance  measurements,  based  on  vol¬ 
tage  shift  with  junction  temperature  Increase, 
makes  it  possible  to  separate  the  die-attach 
contribution  and  consequently  to  screen  out 
badly  soldered  devices.  In  figure  3  the  junc¬ 
tion  temperature  Increase  vs.  time  of  a  badly 
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Fig.  3  •  Comparison  between  dynamic  thermal 
resistance  Measurements 
soldered  device  Is  shown,  compared  to  the  ty¬ 
pical  behaviour  of  a  properly  mounted  one. 

Indium  die-attach  is  considered  not  reliable 
mainly  due  to  the  formation  of  whiskers  and 
intemetallic  compounds  with  gold  [2].  At  the 
end  of  the  life  test  all  devices  have  been 
examined  by  SEN  EOAX  inspection  and  no  evi¬ 
dence  of  these  kinds  of  processes  were  found. 

9  -  CONTACT  DEGRADATION 

Referring  to  figure  2  it  can  be  seen  that 
the  p  -  contact  metallization  consists  of  a 
gold  alloy  covered  by  titanium  and  platinum 
layers.  Auger  gold  depth  profiles  of  the  con¬ 
tact  stripe  of  two  devices,  one  aged  and  the 
other  a  reference,  showed  gold  migration  insi¬ 
de  the  cladding  layer  In  the  former  sample. 
Comparison  between  the  two  profiles  is  shown 
in  figure  4.  In  the  reference  sample  gold  was 
found  up  to  a  depth  of  0.2S  pm  (due  to  alloy¬ 
ing  process)  while  for  a  12000  hour  aged  sam¬ 
ple  gold  was  found  up  to  0.T6  pm,  demonstra¬ 
ting  that  diffusion  has  occurred. 

This  degradation  process  was  always  present 
even  If  for  some  devices  other  specific  mecha¬ 
nisms  ware  stronger  In  determining  ageing 
degradation. 

4  -  CRYSTALLOGRAPHIC  DEFECTS 
Devices  47  and  4G  (both  tested  at  48*C)  have 
shown  a  threshold  current  Increase  in  CM  ope- 


0  0.5  t.O  1.5 

DEPTH  (pm) 


Fig.  4  -  Comparison  between  Auger  gold  depth 
profiles  in  the  stripe  region 
ration  and  in  pulsed  operation.  In  addition 
device  No. 47  has  shown  a  continuous  increase 
of  the  threshold  current  starting  from  the  be¬ 
ginning  of  the  life  test  while  the  threshold 
current  increase  for  device  48  started  after 
about  6000  hours  of  operation  life.  SEN  obser¬ 
vations  and  EBIC  analysis  have  shown  two  dif¬ 
ferent  crystallographic  defects,  responsible 
for  the  different  ageing  behaviour. 

Figure  5  is  an  interference  contrast  image 
of  the  p  -  side  of  device  No. 47.  The  cross 


Fig.  5  -  Cross  -  hatched  pattern  of  misfit 
dislocations  in  device  No. 47 
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-hatched  pattern  of  aisfit  dislocations  is 
clearly  visible.  Figure  6  presents  a  pair  of 
SEM  i sages  in  SE1  and  EB1C  aodes  respectively, 
showing  the  direct  correspondence  between  the 
aisfit  lines  in  aorphology  and  the  dark  lines 
in  E8IC  node.  These  defective  lines  are  in  the 
[1  T  0]  direction  that  is  in  agreeaent  with 
previously  published  results  on  asyanetry  of 
electro-optical  properties  of  aisfit  disloca¬ 
tions  in  InflaAsP/InP  heterostructures  (3]  (4]. 


b) 


Fig.  6  -  SEM  ! sages  showing  the  correlation 
between  cross  -  hatched  patterns  in 
aorphology  and  dark  lines  in  EBIC 

node. 

a  -  Secondary  electron  iaage  of  the 
surface 

b  -  Electron  be  as  induced  current 

iaage 


As  expected  these  aisfit  dislocations  are  lo¬ 
cated  in  the  InP  cladding  layer  as  shown  by  a 
selective  cheaical  etching  of  a  part  of  this 
layer  (figure  7).  These  aisfit  dislocations 


Fig.  7  -  Device  No. 47  after  selective  cheaical 
etching  of  a  part  of  tnP  cladding 
layer,  showing  aisfit  dislocations 
are  located  in  the  cladding 

are  caused  by  the  known  phenoaena  of  the  edge 
growth  and  this  is  consistent  with  the  fact 
that  device  No. 47  actually  coaes  froa  the  edge 
of  the  wafer  as  can  be  seen  in  figure  8.  The 
low  initial  To  valua,  53*K  coapared  with  an 
average  value  of  65*K,  is  probably  related  to 
a  higher  over-barrier  leakage,  proaoted  by 
deep  levels  associated  with  the  presence  of 


Fig.  8  -  Front  view  of  device  No. 47  cowing 
froa  a  wafer  edge 
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■isflt  dislocations.  The  threshold  current  in¬ 
crease  (CM  and  pulse)  with  ageing  tiae  can  be 
due  to  Mechanises  related  to  electronic  pro¬ 
cesses  and  thermal  processes,  specifically 
propagation  of  Misfit  dislocations  in  the  ac¬ 
tive  layer  Mith  deep  gold  Migration  along  par¬ 
ticular  paths,  or  contact  degradation  due  to 
the  unifora  gold  Migration  as  discussed  in  the 
previous  paragraph.  The  large  Increase  in 
the real  resistance  and  in  series  resistance 
(ARg  30%,  ARS  20%)  strongly  support  these 
hypothesis. 

Figure  9  presents  SEI  and  EBIC  images  of  the 
p-side  of  device  No. 48  after  detachment  and 


a) 


b) 

Fig.  9  -  SEN  iaages  shotting  device  No. 48  after 
p-aetal  removal, 
a  -  SEX  Image 

b  -  EBIC  iaage  shotting  a  dark  area 
across  the  stripe 


aetal  removal.  The  EBIC  image  (36  KeV)  shows  a 
dark  region,  located  across  the  stripe,  whose 
size  is  about  10  x  15  pm.  Figure  10  is  an  en¬ 
largement  of  this  defective  region.  Comparison 


a) 


b) 

Fig.  10  -  Enlargements  of  the  defective  region. 
Both  figures  show  the  same  area, 
a  -  SEI  image 
b  -  EBIC  image 

between  SEI  and  EBIC  Images  clearly  shows  that 
there  are  no  surface  metal  residues  or  other 
particles  in  the  dark  region.  Consequently  the 
dark  area  has  to  be  related  to  bulk  crystal¬ 
lographic  defects  and,  considering,  size  and 
geometry,  it  could  be  a  dislocations-cluster 
which  has  propagated  during  epitaxial  growth, 
starting  from  the  InP  substrate  (SJ  [6J.  The 
low  initial  To  value,  43*K,  supports  this  hy¬ 
pothesis.  The  large  increase  of  the  thermal 
resistance  (ARg  64%)  and  CM  threshold  current 


(AJth  20%)  proves  that  the  Min  degradation 
process  has  to  have  a  thermal  nature.  As  the 
die  attach  contribution  in  the  therMl  resi¬ 
stance  increase  was  not  significant,  it  was 
supposed  that  the  contact  region  degradation 
was  responsible  for  the  observed  behaviour.  In 
fact  SEN  ED  AX  analysis  of  the  dark  region,  af¬ 
ter  partial  cladding  removal  with  ion  beaa  et¬ 
ching,  brought  to  light  gold  segregated  here, 
visible  in  figure  11.  It  is  reasonable  to 
think  that  the  cluster  of  dislocations  can  be¬ 
come  a  preferred  path  for  gold  Migration. 


Fig. 11  -  SEI  iaage  of  the  same  area  of  figure 
10,  showing  gold  segregated  in  the 
defective  region,  exposed  by  ion  beaa 
etching 

S  -  CONCLUSIONS 

The  results  of  12000  hour  life  tests  have 
shown  that  laser  diodes  behaviour  is  strictly 
connected  to  the  technological  choices.  In 
particular  the  use  of  gold  as  first  layer  of 
p-side  metallization  is  responsible  for  the 
Min  degradation  for  all  devices;  furthermore 
the  choice  of  indium  solder  has  proved  to  be 
reliable  when  used  with  TiPt  metallization  and 
in  mild  temperature  conditions. 

Even  if  InGaAsP/InP  lasers  are  not  basically 
considered  susceptible  to  degradation  due  to 
crystallographic  defects,  we  have  found  that 
misfit  dislocations  and  clusters  of  disloca¬ 
tions,  already  present  before  the  life  test. 


can  become  the  main  cause  in  devices  degrada¬ 
tion. 
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TURN-ON  DELAY  TINS  FLUCTUATIONS  IN  UNBIASED  GAIN-SWITCHED 
AlGaAs/GaAB  MULTIPLE  QUANTUM  WBLL  LASERS 


E.  H.  Bbttoher,  K.  Ketterer,  and  D.  Bimberg 


Instltut  fUr  FestkOrperphysik  I  ,  Teohnisohe  Universitat  Berlin 
Hardenbergstr.  36  ,  D-1000  Berlin  12  ,  Germany 


The  turn-on  delay  time  jitter  in  unbiaaed  gain-switched  AlGaAs-GaAa  multi¬ 
ple  quantum  well  lasers  ia  Investigated  in  detail.  The  rms  timing  jitter  is 
determined  by  measuring  the  transient  fluctuations  of  the  total  emitted 
power  using  a  fixed-time  sampling  technique  with  a  picosecond  temporal 
resolution.  The  turn-on  jitter  is  found  to  decrease  significantly  with 
increasing  pumping  rate,  particularly  when  the  lasers  are  operated  at  an 
excitation  level  where  only  the  first  relaxation  oscillation  is  emitted. 
The  rms  jitter  of  the  emitted  optical  pulses  decreases  from  about  20  ps 
just  above  the  laser  threshold  to  a  value  of  14  ps  at  the  threshold  for  the 
appearanoe  of  the  second  relaxation  oscillation.  These  results  demonstrate 
that  the  accurate  adjustment  of  the  pumping  rate  is  essential  for  a  low 
jitter  single  pulse  operation  of  the  gain-switohed  lasers. 

1.  INTRODUCTION  evident  that  a  low  timing  Jitter  is  a 

Gain-switching  of  injection  lasers  by  requirement  for  a  low  error  rate.  The 

short  electrical  pulses  is  a  convenient  pulse-to-pulse  timing  Jitter  is  an  inhe- 

method  for  the  generation  of  plcoseoond  rent  phenomenon  of  a  gain  switched  semi- 

optical  pulses  /I/.  There  are  numerous  conductor  laser.  The  spontaneous  (ran- 

applications  for  such  pulses  in  various  dom)  character  of  the  onset  of  -the  laser 

areas  like  long  range  data  transmission  emission  results  in  fluctuations  of  the 

at  gigabit  per  second  rates  /2,3/  and  turn-on  delay  time.  Despite  its  large 

optical  sampling  /4,5,6/.  Reoently  de-  importance  little  work  has  been  reported 

tailed  experimental  and  theoretical  in-  until  now  on  experimental  investigations 

vestigations  of  the  minimum  pulse  width  of  the  size  of  the  jitter,  in  particular 

which  oan  be  obtained  for  various  types  for  fully  modulated  lasers, 

of  lasers,  cavity  length  etc.  were  re-  In  this  letter  we  foous  our  attention 

ported  /I/.  The  applicability  of  such  a  on  the  timing  Jitter  of  unbiased  gain- 

source  of  ultrashort  optioal  pulses,  switched  lasers  driven  by  short  injeo- 

however,  depends  not  only  on  the  pulse  tion  ourrent  pulses  at  comparatively 

width  and  the  pulse  energy  but  to  the  low  repetition  rates.  This  case  is  im~ 

same  extent  on  the  pulse-to-pulse  timing  portant  for  all  the  applications  for 

jitter  which  has  to  be  reduoed  to  a  suf-  which  the  optioal  background  signal  be- 

fioiently  low  level.  In  many  experiments  tween  subsequent  laser  pulses  has  to  be 

where  repetitive  pulses  are  utilized,  minimised  like  time  resolved  spectrosoo- 

llke  optioal  sampling,  the  timing  Jit-  py  and  the  all  optioal  boxoar  system 

ter  causes  a  degradation  of  the  temporal  /6/.  The  lasers  studied  are  AlGaAs-GaAs 

resolution  if  its  value  is  comparable  or  multiple  quantum  well  devloes  which  are 

larger  than  the  optioal  pulse  width.  For  particularly  attractive  for  gain-swit- 

data  transmission  applications,  it  is  ohing  applications  beoause  of  their  lm- 
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proved  modulation  performance  and  lower 
threshold  currents  compared  to  conven¬ 
tional  douple  heterostructure  lasers 
/ 7,8 /.  Experimentally,  the  statistical 
distribution  of  the  turn-on  delay  time 
is  measured  by  a  modified  version  of  a 
broad  band  sampling  technique  whioh  was 
used  for  the  study  of  partition  noise  in 
semiconductor  lasers  /9A  The  observed 
probability  density  functions  are  fairly 
well  described  assuming  a  Gaussian  dis¬ 
tribution  for  the  turn-on  delay  time. 
The  root  mean  square  (rms)  value  of  the 
turn-on  jitter  is  found  to  increase  sig¬ 
nificantly  if  the  pumping  rate  is  de¬ 
creased  to  the  laser  threshold.  A  rms 
jitter  of  up  to  20  ps  is  registered  in 
this  case.  Vith  increasing  pumping  rate 
the  turn-on  jitter  decreases  and  satu¬ 
rates  with  a  corresponding  rms  value  of 
about  8  pa.  Our  results  demonstrate 
that,  for  low  jitter  optical  single 
pulse  generation,  the  pumping  rate  has 
to  be  adjusted  to  a  value  just  below  the 
threshold  value  for  the  appearance  of 
the  second  relaxation  oscillation  in 
order  to  minimize  the  optical  pulse 
width  and  the  jitter  simultaneously. 

2.  BXPBRIKBNTAL 

In  order  to  study  the  pulse-to-pulse 
timing  jitter  we  measure  the  power  dis¬ 
tribution  of  the  emitted  laser  radiation 
at  a  fixed  sampling  time.  The  repetitive 
optical  transients  are  deteoted  by  an 
ultrafast  GaAs-Sohottky-photodlode  (10% 
-  90%  risetime  ty  *  10  ps)  and  monitored 
by  a  sampling  head  (tr  *  20  ps).  The 
sampling  head  is  used  as  an  ultrafast 
sample  and  hold  oirouit.  It  samples  the 
instantaneous  laser  output  with  a  pico¬ 
second  time  resolution  and  holds  it  for 
33  us.  The  output  of  the  sampling  unit 
is  prooessed  by  a  multiohannel  analyser 
(XCA)  operating  in  the  sampled  voltage 


analysis  mode.  An  avalanche  generator  is 
used  for  the  short  electrical  pulse  ex¬ 
citation  of  the  KQW  lasers.  The  pulse 
amplitude  is  40  V  (at  50  Q  load)  and 
the  full  width  at  half  maximum  (FVHM)  of 
the  pulse  is  240  ps.  The  structure  and 
the  properties  of  the  MQW  lasers  as  well 
as  their  high  frequency  mounting  have 
been  described  in  detail  elsewhere 
/8,10,11/.  The  lasers  are  mounted  on  a 
copper  heat  sink  and  the  temperature  Is 
controlled  by  a  Peltier  cooler.  All  mea¬ 
surements  are  carried  out  at  296  K. 

3.  THB0RY 

In  order  to  gain  quantitative  informa¬ 
tion  on  the  timing  jitter  from  the  mea¬ 
sured  statistical  data  we  have  developed 
a  model  which  is  presented  in  the  follo¬ 
wing.  Assuming  that  the  turn-on  delay 
time  td  is  normally  (Gaussian)  distri¬ 
buted  its  probability  density  function 
(PDF)  is  given  by 

exp{-(td  -Td)2/2  ffd2} 

P(td)  -  (1) 

CTd  {ztT 

Td  and  0"d  constitute  the  mean  and 
standard  deviation  of  td>  Using  the 
fixed  time  sampling  method  we  measure 
the  power  fluctuations  caused  by  the 
turn-on  fluctuations.  Therefore,  the  PDF 
of  the  power  P(y)  whioh  corresponds  to 
P(td)  should  reflect  the  experimental 
results.  An  analytical  expression  for 
P(y)  is  derived  with  the  reasonable  ap¬ 
proximation  that  the  temporal  waveform 
y(t)  corresponding  to  the  first  R0  has  a 
Gaussian  shape 

y(t)  *  exp  (-  (t  -  Td)2/2  tTj2)  (2) 

y(t)  is  the  normalized  dimensionless 
time  dependent  power  ,0  5  y  S  1  ,  repre¬ 
senting  a  single  laser  pulse.  In  the 


1018 


absenoe  of  any  turn-on  jitter,  y(t) 
would  be  equivalent  to  the  waveform  dis¬ 
played  by  the  sampling  osoillosoope. 
This  waveform,  however,  is  broadened  due 
to  the  turn-on  jitter  resulting  in  a 

- . _  *  2  _  .*  2  i*  2  _ v. 


variance  0 


‘„2  -  «a2. 


oan  be  de¬ 


termined  direotly  from  the  temporal  FWHM 
or  the  risetime  of  the  waveform  measured 
with  the  sampling  soope. 

P(y)  is  measured  at  a  fixed  sampling 
time  t  ■  Td  -  T.  Sinoe  P(td)  dtd  ■  P(y) 
dy  it  follows  from  (1)  and  (2)  that  P(y) 
is  given  by 


exp{-(2crd2r1(f-2ap2lny'  -  T)2) 


(  0p)  2  J4  y  V-  It  lny 


Experimentally,  the  samples  are  taken 
at  the  time  T^g  within  the  leading  edge 
of  the  first  relaxation  oscillation  (RO) 
where  the  averaged  emitted  power  reaohes 
its  half  value  of  the  maximum  power. 
T^2  is  given  by 

T1/2  »/-  2  ln0.5  (  (Tp2  +  ffd2)  (4) 


It  is  evident  from  (3)  and  (4)  that  P(y) 
depends  only  on  the  ratio  k  ■  0d/  0p. 

In  order  to  compare  the  experimental 
data  with  this  model  we  have  to  take 
into  aooount  the  additive  source  of  am¬ 
plitude  noise  due  to  the  baseline  fluc¬ 
tuation  of  the  sampling  osoillosoope 
whioh  is  the  dominating  vertioal  noise 
component  compared  with  the  amplitude 
noise  of  the  pulse  generators.  The  PDF 
of  this  vertioal  noise  oomponent  yy  is 
independent  and  orthogonal  to  the  timing 
jitter.  It  is  measured  by  reoording  the 
output  fluctuations  of  the  sampling 
soope  in  the  absenoe  of  a  photoourrent 
signal.  The  PDF  is  found  to  be  Gaussian 
with  a  standard  deviation  of  0.8  mV. 
The  measured  values  yffl  represent  the  sum 


of  two  independent  random  variables, 
ym  »  y  +  yy.  Therefore,  their  PDF's  are 
related  by  convolution 


P(y_) 

in 


RESULTS 


P(y)  *  p(yv) 


A  typical  experimental  result  for  the 
power  distribution  is  shown  by  the  dot¬ 
ted  ourve  in  Fig.1.  As  shown  by  the 
solid  ourve  in  Flg.1  a  good  fit  to  the 
experimental  data  is  obtained  using  the 
expression  for  P(y_)  derived  above.  From 


the  fits  the  value  for  k  »  0,/  0_  is 

d  p 

obtained,  k  is  the  only  free  fitting 


parameter. 


is  determined  using  the 


“  2  2 
additional  result  for  the  sum  0.  +0 

d  p 

given  by  the  experimentally  recorded 
waveform.  The  results  for  the  total  rms 
jitter  0d  determined  in  this  way  con¬ 
tain  the  inherent  timing  jitter  of  the 
gain-switohed  laser  ®do  and  that  of  the 
driving  and  measurement  electronic s 


0d#.  The  latter  oomponent 


°de  18  ana“ 


lysed  seperately  applying  the  method 
outlined  above.  It  is  found  that  the 
oore  of  this  timing  jitter  is  almost 
Gaussian  distributed  for  the  pulse  gene¬ 
rator  in  oonjunotion  with  the  sampling 
soope,  yielding  an  rms  jitter  0d#  of 
3.5  ps.  Assuming  that  the  eleotronio 
jitter  oomponents  are  mainly  oaused  by 
the  sampling  soope  /1 2/,  an  upper  limit 
for  the  inherent  turn-on  delay  time  jit¬ 
ter  is  obtained  using  the  relation 

V  ■  °i2  -  ®d.2- 

The  PDF  data  for  minimal  jitter  at 
single  pulse  emission  of  the  laser  are 
shown  in  Fig.l.  For  this  praotlolly  im¬ 
portant  case  the  intrinsio  rms  jitter  is 
14  ps.  A  further  reduotion  of  the  ampli¬ 
tude  of  the  voltage  pulse  by  about  0.2 
dB  results  in  a  rms  jitter  of  about  22 
ps.  These  results  demonstrate  how  orlti- 
oal  the  adjustment  of  the  pump  pulse  is, 
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if  low  Jitter  single  pulse  operation  is 
searched  for.  Increasing  the  voltage 
amplitude  about  2  dB  above  the  laser 
threshold  the  timing  jitter  starts  to 
saturate  at  a  rms  value  of  about  8  ps. 


FIGURE  1 

Probability  density  of  the  emitted  light 
power  measured  at  the  fixed  sampling 
time  .  The  dotted  curve  represent 
the  experimental  data  for  the  MQW  laser 
driven  by  short  voltage  pulses  (FWHM  * 
240  ps).  The  excitation  level  is  adjus¬ 
ted  to  the  threshold  of  the  appearance 
of  the  second  R0.  The  solid  curve  is  a 
fit  to  the  data  with  k  *  0.67  using  the 
expression  for  P(yffl)  given  in  the  text. 

5.  CONCLUSIONS 

In  summary,  we  have  studied  the  turn¬ 
on  delay  time  fluctuatins  in  unbiased 
gain-switched  AlGaAs/GaAs  MQW  lasers  at 
low  repetition  rates.  A  braod-band 
fixed-time  sampling  technique  with  pico¬ 
second  time  resolution  was  used  to  moni¬ 
tor  the  turn-on  Jitter.  In  order  to  eva¬ 
luate  the  rms  timing  jitter  from  the 
observed  statistical  optical  power  dis¬ 
tribution  at  a  fixed  sampling  time,  a 
simple  »odel  was  developed  which  was 
found  to  describe  the  experimental  data 
with  high  accuracy.  In  particular  near 
the  laser  threshold,  the  timing  jitter 
is  extremely  sensitive  to  the  pumping 
rate.  Therefore,  the  pumping  rate  has 
to  be  aoourately  adjusted  to  ensure  low 
jitter  single  pulse  operation  of  the 
laser. 
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A  method  is  presented  that  allows  the  determination  of  the  carrier  density  in 
semiconductor  lasers  above  and  below  threshold.  This  method  Is  based  on  a  line 
shape  analysis  of  the  spontaneous  emission.  Corresponding  gain  values  can  be 
calculated  from  the  carrier  density.  Temperature  dependent  measurements  of  the 
spontaneous  emission  and  the  differential  quantum  efficiency  allow  the  deter¬ 
mination  of  the  optical  losses  at  laser  threshold.  The  result  Is  a  strong  in¬ 
fluence  of  Inter  valence  band  absorption  on  the  threshold  of  1.65  pm  InGaAs 
lasers  and  an  extremely  weak  influence  on  1.3  pm  InGaAsP  lasers. 


1.  INTRODUCTION 

Auger  recombination  and  Inter  valence  band  ab¬ 
sorption  have  been  determined  to  be  the  main  loss 
mechanisms,  contributing  to  the  low  Tg-values  In 
InGaAs(P) lasers  [1].  However,  the  magnitude  of 
the  carrier  density  in  the  laser  at  threshold  re¬ 
mains  an  open  question,  thus  It  is  difficult  to 
estimate  the  strength  of  the  two  loss  mechanisms 

relative  to  each  other.  In  the  literature  densi- 

18 

ty  values  as  high  as  3-10  cm  [2]  can  be 
found.  In  contrast,  from  gain  measurements  on 
InGaAs  epitaxial  layers  density  values  of 
1.5- 10i8  cm"3  can  be  deduced  for  a  net  gain  of 
100  cm'1  [3]  which  Is  necessary  to  overcome  the 
mirror  losses  in  a  laser. 

To  overcome  this  discrepancy,  we  have  perfor¬ 
med  measurements  of  the  spontaneous  emission 
spectra  and  differential  quantum  efficiency  of 
various  lasers  operating  at  wavelengths  between 
1.65  pm  and  1.3  pm.  From  the  spontaneous  emission 
spectra  the  carrier  density  can  be  determined  by 
a  line  shape  analysis,  thus  allowing  the  calcula¬ 
tion  of  the  temperature  dependent  material  gain 
in  the  laser.  This  value  equals  the  total  optical 
losses  as  Is  confirmed  by  an  Independent  measure¬ 
ment  of  the  quantum  efficiency. 


2.  MEASUREMENTS 

The  spontaneous  emission  of  index  guided  la¬ 
sers  can  be  measured  In  sideward  direction,  per¬ 
pendicular  to  the  laser  beam.  In  sideward  direc¬ 
tion,  the  spontaneously  emitted  light  Is  only 
weakly  influenced  by  stimulated  recombination 
(whereas  In  forward  direction  the  spontaneous 
emission  spectrum  Is  dominated  by  amplification 
and  absorption  effects).  This  holds  for  Index 
guided  lasers  where  the  active  layer  is  a  small 
stripe,  surrounded  by  higher  band  gap  material. 

The  samples  used  were  1.65  pm  InGaAs  MS  la¬ 
sers  [4]  and  a  1.3  pm  InGaAsP  BH  laser.  The  light 
emitted  In  sideward  direction  was  imaged  onto  a 
monochromator  by  a  microscope  objective  and  de¬ 
tected  by  a  liquid  nitrogen  cooled  Ge  detector, 
using  conventional  lock-in  technique.  The  mea¬ 
sured  spectra  were  corrected  for  the  spectral 
characteristic  of  the  experimental  setup.  The 
quantum  efficiency  measurements  were  done  using  a 
calibrated  PbS  detector.  Care  has  been  taken  to 
image  all  light  emitted  by  the  laser  in  one  di¬ 
rection  onto  the  detector. 

3.  LINE  SHAPE  ANALYSIS 

The  spontaneous  emission  spectra  were  evalua- 
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ted  by  a  line  shape  analysis  using  the  following 
model : 

-  direct  band  to  band  recombination  with  k-selec- 
tlon 

-  constant  Interband  matrix  element 

-  Landsberg  broadening  [5]. 

Additionally,  the  amplification/ absorption  of 
the  light  In  the  2pm  wide  active  layer  was  taken 
Into  account  using  the  expression  for  amplified 
spontaneous  emission  [6]: 

lit,.)  -  „<!(£>..  .  „ 

where  w  is  the  width  of  the  active  layer  (2  pm), 
g(E)  Is  the  optical  gain/ absorption  and  rspon(E) 
is  the  spontaneous  emission  rate. 

These  spectra  were  calculated  at  various  tem¬ 
peratures  and  carrier  densities.  The  carrier  tem¬ 
perature  was  assumed  to  be  equal  to  the  bath  tem¬ 
perature,  as  can  be  expected  since  the  lasers  we¬ 
re  operated  under  pulsed  conditions.  This  assump¬ 
tion  is  supported  by  the  evaluation  of  the  high 
energy  tail  of  the  spectra.  The  carrier  density 
has  been  determined  by  a  least  squares  fit  of 
the  theoretical  spectra  to  the  measured  ones. 

The  result  of  such  a  fit  is  shown  In  flg.l  for 
the  case  of  an  InGaAs  laser  at  300  K  and  an  In¬ 
jection  current  of  28  mA  which  Is  approximately 
equal  to  the  threshold  current.  The  agreement 
between  experimental  and  theoretical  spectrum  is 
excellent  at  higher  energies,  supporting  the 
assumption  mentioned  above.  The  deviations  at  low 
energies  are  caused  by  stray  light  of  the  laser 
beam  In  the  cryostat  and  recombination  via  impu¬ 
rities.  The  carrier  density  In  this  case  was  de¬ 
termined  to  be  about  1.25-1018  cm'3  at  T  -  300  K. 

Since  the  transition  matrix  element  Is  known 
to  be  equal  to  20.7  eV  from  absorption  measure¬ 
ments  [7]  It  is  possible  to  calculate  absolute 
gain  spectra  at  a  given  carrier  density,  using 
the  same  theoretical  model.  In  this  case  the  ma¬ 
ximum  gain  Is  about  190  cm'1.  To  obtain  the  mag¬ 
nitude  of  the  optical  losses,  the  mirror  losses 
of  about  60  cm'1  for  an  active  layer  thickness  of 
about  0.3  pm  have  to  be  subtracted  from  the  maxi¬ 


mum  gain.  Thus  the  total  optical  losses  amount  to 
about  130  cm'1. 

4.  RESULTS 

4.1.  Threshold  Carrier  Density 

In  fig. 2  the  result  of  the  temperature  depen¬ 
dent  determination  of  the  threshold  carrier  den¬ 
sity  Is  shown  for  the  case  of  1.65  pm  and  1.3  pm 
lasers.  The  dots  represent  the  values  of  the  car¬ 
rier  density  at  laser  threshold  as  determined 
from  the  measurements.  The  line  represents  the 
carrier  density  needed  for  zero  material  gain. 

The  distance  between  the  dots  and  the  line  thus 
Indicates  the  additional  carrier  density  needed 
to  overcome  the  optical  and  mirror  losses  In  the 
laser.  This  distance  Is  nearly  temperature  inde¬ 
pendent  in  the  case  of  1.3  pm  InGaAsP,  whereas  it 
is  strongly  temperature  dependent  for  1.65  pm 
InGaAs. 

We  also  observe  that  the  threshold  carrier 
densities  arc  generally  lower  In  InGaAs  than  In 
InGaAsP.  This  results  from  the  different  band 
structure  of  the  two  materials,  l.e.  lower  elec¬ 
tron  masses  In  InGaAs. 

4.2.  Optical  Losses 

The  different  behaviour  of  the  two  materials 
with  respect  to  optical  losses  is  shown  In  fig. 3. 
The  dots  represent  the  laser  threshold  gain  va- 
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fia.Z:  temperature  dependent  carrier  density 
values  for  InGaAs  and  InGaAsP.  Dots  are  values 
determined  from  spontaneous  emission  measure¬ 
ments  at  laser  threshold,  crosses  are  calcula¬ 
ted  from  the  diff.  quantum  efficiency.  The  so¬ 
lid  line  is  the  threshold  for  zero  gain. 


lues  calculated  from  the  carrier  densities.  The 
crosses  show  the  value  of  the  total  optical  los¬ 
ses  calculated  from  the  quantum  efficiency  mea¬ 
surements  by  using  the  relation 


1/L  lnll/R 
»D  *  o/l/l  ln(l 


1/L  ln(lZB) 
Kot 


where  L  Is  the  length  of  the  laser,  R  Is  the  re¬ 
flectivity  of  the  mirrors,  or  are  the  optical  los¬ 
ses,  T  Is  the  optical  confinement  factor,  etgt 
are  the  total  optical  losses,  Including  the  mir¬ 
ror  losses  and  ijp  Is  the  differential  quantum  ef¬ 
ficiency.  These  total  optical  losses  have  to  be 
equal  to  the  threshold  gain  value.  In  fig. 3  we 
observe  good  agreement  between  these  two  mea¬ 
surements  In  both  cases.  In  1.3  pm  InGaAsP  the 
optical  losses  turn  out  to  be  nearly  temperature 
Independent  and  In  1.65  pm  InGaAs  they  show  a 
a  strong  temperature  dependence.  This  result  cor¬ 
responds  to  a  nearly  temperature  Independent 
quantum  efficiency  for  1.3  pm  lasers.  For  the 
case  of  1.65  pm  lasers  the  quantum  efficiency  de¬ 


creases  at  temperatures  above  200  K. 

The  temperature  Independent  part  of  the  opti¬ 
cal  losses  (Indicated  by  the  dashed  lines  In 
fig. 3)  Is  ascribed  to  mirror  losses  (60  - 
100  cm'1),  free  carrier  absorption  (20  - 
40  cm'1)  [8]  and  scattering  losses  at  the  he- 
taro  Interfaces.  The  temperature  dependence  of 
the  free  carrier  absorption  Is  negligible  compa¬ 
red  to  the  temperature  dependence  of  the  total 
losses.  This  temperature  Independent  part  of  the 

losses  has  a  magnitude  of  about  250  cm  1  for  the 
1.3  pm  laser  and  120  cm'1  for  the  1.65  pm  laser. 
This  Indicates  a  better  quality  of  the  Interfaces 
In  the  case  of  the  1.65  pm  laser. 


fig. 3:  temperature  dependent  gain  values  for 
InGaAs  and  InGaAsP  lasers.  The  dots  are  de¬ 
termined  from  the  line  shape  analysis,  the 
crosses  are  calculated  from  the  quantum  effi¬ 
ciency  measurements.  The  solid  line  is  the 
calculated  inter  valence  band  absorption  and 
the  dashed  line  Is  the  estimated  temperature 
independent  background  absorption. 

The  temperature  dependent  part  of  the  optical 
losses  Is  ascribed  to  Inter  valence  band  absorp¬ 
tion.  That  means  that  It  is  virtually  nonexistent 
In  1.3  pm  lasers.  However  In  1.65  pm  lasers  Its 
magnitude  Is  about  120  cm'1  at  a  temperature  of 
300  K  (depending  on  the  specific  laser)  and  inter 
valence  band  absorption  has  a  strong  influence  on 


1023 


the  threshold  current.  This  Is  confined  by  theo- 
retlcal  calculations  of  Inter  valence  band  ab¬ 
sorption. 

5.  CALCULATION  OF  INTER  VALENCE  BANO  ABSORPTION 

Again  m  used  the  model  of  a  direct  band  to 

band  transition  between  the  heavy  hole  band  and 
the  split  off  valence  band.  Since  this  transition 
takes  place  at  high  k-values,  we  had  to  take  into 
account  the  nonparabollclty  of  the  heavy  hole 
band.  This  was  done  by  a  linear  Interpolation  of 
the  band  structures  of  GaAs,  GaP,  InP  and  InAs, 
given  by  Chellkowsky  and  Cohen  [9].  In  order  to 
get  good  agreement  between  the  calculations  and 
the  measurements,  the  usual  inter  band  tutrix 
element  had  to  be  divided  by  16.  The  result  of 
these  calculations  Is  also  Included  In  fig. 3. 

The  solid  lines  are  the  calculated  Inter  valence 
band  absorption  values  with  the  added  temperature 
independent  losses.  The  calculations  can  explain 
both,  the  water lal  and  the  tewperature  dependence 
of  the  Inter  valence  band  aborptlon.  The  obser¬ 
ved  material  dependence  of  Inter  valence  band  ab¬ 
sorption  Is  a  result  of  the  different  band  struc¬ 
tures  of  the  materials  Investigated.  The  strength 
of  Inter  valence  band  absorption  depends  on  the 
ratio  of  the  spilt  off  gap  A  to  the  fundamental 
band  gap  Eg.  Since  this  ratio  Increases  with  de¬ 
creasing  Eg  In  the  InGaAs(P)  material  system,  In¬ 
ter  valence  band  absorption  Is  stronger  In  the 
case  of  the  1.65  pm  laser,  even  though  It  opera¬ 
tes  at  a  lower  carrier  density  than  the  1.3  pa 
laser. 

6.  CONCLUSION 

In  this  paper  we  presented  a  method  to  deter¬ 
mine  the  carrier  density  In  semiconductor  lasers. 
The  results  are  threshold  carrier  densities  of 
1.2-101®  cm'3  and  1.7- 103®  cm*3  at  room  tempera¬ 
ture  for  InGaAs(P)  lasers  at  1.65  pa  and  1.3  pa, 
respectively.  These  values  are  significantly  low¬ 


er  than  previous  values  published  [2].  Temperatu¬ 
re  dependent  measurements  of  the  threshold  car¬ 
rier  density  and  the  differential  quantum  effi¬ 
ciency  reveal  a  strong  influence  of  Inter  valence 
band  absorption  In  the  case  of  1.65  pa  lasers, 
where  Its  magnitude  Is  about  120  cm'1  at  room 
temperature.  In  the  case  of  1.3  pa  lasers  the 
magnitude  of  Inter  valence  band  absorption  Is 
negligible.  The  temperature  and  material  depen¬ 
dence  of  Inter  valence  band  absorption  was  con¬ 
firmed  by  calculations,  taking  Into  account  the 
nonparabollclty  of  the  heavy  hole  band. 
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TWODIMENSIONAL  MODEL  FOR  C3-  AND  EXTERNAL  CAVITT  LASERS 
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A  twodiaensional,  self-consistent  model  for  cleaved-coupled-cavity  (C  -)  lasers  is 
presented.  The  model  is  based  on  the  Beam  Propagation  Method  and  includes  the  non¬ 
linearity  of  the  medium  :  the  longitudinal  resonances  are  calculated  in  consistency 
with  the  optical  power,  which  affects  the  refractive  index.  The  method  reveals 
some  phenomena  which  cannot  be  found  by  means  of  a  onedimensional  model. 


1.  INTRODUCTION 

During  the  last  years  people  have  searched  for 
reliable,  tunable  and  fast  switchable  lasers. 

It  has  been  noticed  that  external  optical  feed¬ 
back  may  increase  the  mode  selectivity  of  a 
laser.  A  number  of  models  have  therefore  been 
developed  for  better  understanding  of  these 
lasers.  Many  models  are  based  on  (spatially 
independent)  rate  equations,  and  only  few  models 
include  one  spatial  dimension. 

To  our  knowledge  this  is  the  first  report  of  a 
model  for  compound  cavities  including  two  dimen¬ 
sions,  namely  the  longitudinal  dimension  and  one 
of  the  transverse  dimensions.  Although  this 
model  is  relatively  complex,  it  has  the  advan¬ 
tage  of  taking  into  account  a  large  number  of 
physically  relevant  interactions  between  the 
optical  field  and  the  refractive  index  distri¬ 
bution.  Because  of  this  accurate  description 
the  model  can  reveal  some  phenomena  which  cannot 
be  found  with  a  more  simple  model. 

2.  DESCRIPTION  OF  THE  MODEL 

The  model  includes  one  lateral  node,  which  sa- 
satisfies  a  twodiaensional,  scalar,  non-linear 
Helmholtz  equation.  This  equation  is  solved 
by  means  of  the  Bean  Propagation  Method,  which 
is  used  to  propagate  the  field  backward  and 
forward  through  the  whole  (compound)  cavity. 
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The  optical  field  intensity  alters  the  complex 
effective  refractive  index,  through  the  stimu¬ 
lated  emission  and  the  plasma  effect.  This  is 
similar  as  for  single  cavity  lasers  1 1  ]. 

At  the  waveguide  discontinuities  the  propagating 
fields  are  partly  reflected  and  partly  trans¬ 
mitted  according  to  the  Fresnel  laws.  In  this 
way  the  method  determines  the  resonant  solutions 
of  the  compound  cavity.  In  order  to  obtain 
convergence,  a  special  iteration  procedure 
was  developed.  Starting  from  an  initial  guess 
of  the  field  distribution,  the  power  and  the 
wavelength,  these  quantities  are  adapted  until 
a  fully  self-consistent  solution  is  obtained.. 
First  we  iterate  on  the  power  and  the  mode 
profile.  This  is  done  by  propagating  the 
field  backward  and  forward,  keeping  the  wave¬ 
length  fixed.  After  each  roundtrip  the  phase 
of  the  beam  is  normalised.  When  a  number  of 
roundtrips  have  been  done  the  mode  profile  and 
power  converge  to  a  stable  solution.  Then  we 
need  to  adapt  the  wavelength  so  as  to  satisfy 
the  phase  resonance  condition.  As  this  con¬ 
dition  is  coupled  to  the  field  intensity, 
through  the  non-linearity  of  the  laser  medium, 
we  have  to  restart  the  intensity  iteration. 

This  procedure  is  repeated  until  a  fully  self- 
consistent  solution  is  found,  satisfying  all 
boundary  conditions.  A  similar  iteration 
procedure  is  used  in  one-dimensional  models 
[2),  t3l. 
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3.  iXAMPLES 

The  lodjl  has  been  applied  to  an  Index  guided 
C^-liser,  for  which  the  gap  width  was  chosen 
equal  to  an  Integer  Multiple  of  half  a  wave¬ 
length,  and  an  eapirical  transverse  diffraction 
and  coupling  loss  was  Included.  The  lateral 
diffraction  loss  in  the  gap  is  accurately 
included  in  this  aethod  by  Beans  of  the  BPM- 
aethod.  Two  cases  will  be  studied  in  detail, 
in  a  first  case  we  fix  the  laser  current  at 
L  =  65aA  and  the  modulator  current  is  varied. 

In  a  second  case  the  modulator  current  is 
fixed  at  30mA  and  laser  current  is  varied. 

For  the  first  case,  the  fig.  1-2  show  the  out¬ 
put  powers  for  each  mode  from  the  laser  mirror 
(PQ)  and  the  modulator  mirror  (P^)  respectively. 
The  inset  in  fig.  1  depicts  the  situation. 


FIGURE  1 

Output  power  PQ(mW)  from  the  laser  section. 

We  will  restrict  ourselves  to  a  situation  for 
which  the  first  section  definitely  remains 
the  dominant  section.  As  a  consequence,  we 
only  need  to  consider  five  consecutive  modes 
of  this  section,  since  other  modes  will  be 
perfect  repeat  modes  of  these  five. 

If  the  modulator  current  is  increased,  the  mode 
powers  behave  oscillatory,  the  dominant  mode 
having  the  largest  output  power  PQ.  The 
fig.  1  therefore  indicates  the  wavelength 
tuning  which  occurs  as  the  modulator  current 
is  altered.  This  wavelength  tuning  is  a  con¬ 
sequence  of  the  anti-guiding  effect  which 
superimposes  itself  on  the  built-in  refractive 
index.  If  the  modulator  current  is  increased, 
the  refractive  index  of  that  section 
slightly  decreases.  This  results  in  a  shift  of 


the  reflection  coefficient,  seen  by  the  first 
section,  towards  shorter  wavelengths,  and  hence 
the  threshold  current  and  quantum-efficiencies 
of  the  different  modes  of  the  laser  section 
are  altered.  From  fig.  1  it  is  seen  that  the 
maximum  outputpower  PQ  of  each  mode  is  increa¬ 
sing  with  increasing  modulator  current.  This 
power  increase  is  strongly  influenced  by  the 
mutual  coupling  parameter 

a0  *  si2S21^S11S22^’  where  Sik  are  the  S-Para- 
meters  of  the  gap  [3  J.  The  larger  lac  I  the 

stronger  the  coupling  between  the  two  sections 
and  the  larger  this  power  increase  in  PQ  will 
be.  From  fig.  1  it  can  also  be  seen  that  a 
maximum  output  power  of  one  mode  (nearly) 
coincides  with  the  crossing  of  the  power-current 
curves  of  two  other  modes.  This  indicates  that 
the  dominant  mode  then  coincides  with  a  reflec¬ 
tion  maximum,  while  two  other  modes  are  situated 
symmetrically  around  the  dominant  mode, 
'observing'  the  same  reflection  from  the  gap 
and  the  modulator.  This  situation  therefore 
corresponds  to  a  situation  of  optimal  mode 
rejection. 

Fig.  2  depicts  the  ouput  power  from  the 
modulator  section.  The  inset  in  fig.  2  shows 
the  lateral  far  field  distribution  (normalised 
intensity  and  phase)  of  the  dominant  mode,  for 
I2  =  44mA.  Comparing  fig.  1  and  2  one  observes 
that  the  maxima  of  P  and  PT  do  not  perfectly 
coincide  :  an  offset  of  nearly  3mA  between 
these  maxima  may  occur.  This  is  important, 
because  the  output  power  P^  from  the  modulator 
is  usually  detected  to  monitor  the  modulator 
current  to  a  point  of  optimal  spurious  mode 
rejection.  From  fig.  1  and  fig.  2  it  is 
however  easily  seen  that  the  crossings  of  the 
different  curves  do  nearly  occur  for  the  same 
modulator  current. 

From  fig.  1  and  fig.  2  we  can  furthermore  see 
that  the  mode  rejection,  at  points  of  optimal 
biasing, increases  with  increasing  modulator 
current.  This  is  a  well-known  phenomenon, 
already  reported  in  (4). 

Fig.  3  shows  the  wavelength  (X)  of  the  diffe- 


rent  modes .  By  aeons  of  an  analytic  approxima¬ 
tion  it  can  oe  snovm  that  the  wavelength  varia- 


FIGURE  2 

Output  power  P. (mW)  from  the  modulator  section 
for  the  different  longitudinal  modes  (1-5) 

(I1  =  65mA). 

tion  with  modulator  current  is  proportional 
to  (3  ) 


dX 

dl 


(1  + 


beff> 


(1) 


current.  The  resulting  output  power  Po  (full 
line)  and  P  +  P,  (dashed  line)  has  been  drawn 

O  b 

in  fig.  4.  The  main  effect  of  the  increase 


FIGURE  3 

Wavelengths  of  the  different  longitudinal  modes 
(1-5)  (I1  =  65mA).  The  wavelength  becomes 
stationary  as  the  mode  becomes  aligned  with 
a  reflection  maximum  or  a  reflection  minimum. 


in  this  formula  P  is  the  modulator  roundtrip 
gain,  bgfj.  is  an  effective  anti-guiding  para¬ 
meter,  |u|  is  the  normalised  reflection  seen 
by  the  laser  section  from  the  modulator  and  the 
gap  and  9  is  the  modulator  roundtrip  phase. 

From  (1)  it  is  seen  that  the  wavelength  varia¬ 
tion  with  modulator  current  becomes  zero  as  the 
mode  becomes  aligned  with  a  reflection  maximum. 
Comparing  fig.  1  and  fig.  3  it  can  Indeed  be 
seen  that  the  maxima  of  PQ  coincide  with  points 
for  which  the  anologue  wavelength  tuning  becomes 

zero.  According  to  (1)  the  maxima  of  P  thus 

0 

coincide  with  a  reflection  maximum. 

In  a  second  example  we  have  fixed  the  modulator 
current  I^  at  30mA  and  we  changed  the  laser 


FIGURE  4 

Output  power  P  from  the  laser  section  and 
total  output  p8wer  PQ  +  P^. 
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in  lutr  currant  la  a  linear  increase  In  output 
power.  This  indicates  that  the  electron  densi¬ 
ty  within  each  laser  section  is  nearly  clasped. 
The  influence  of  the  power  on  the  optical  feed¬ 
back  froa  the  gap  and  the  second  section  upon 
the  first  section  is  nearly  negligible.  This 
is  simply  a  consequence  of  the  fact  that  the 
aodulator  section  is  biased  near  transparency 
(see  also  [4]  ). 

4.  CONCLUSION 

Me  have  presented  a  twodlaensional  for  C^-laaers 
and  external  cavity  lasers.  Sons  relevant  phe¬ 
nomena  with  respect  to  the  stabilisation  of  the 
output  of  the  laser  have  been  revealed  by  this 
model.  Me  found  that  one  should  be  careful  in 
detecting  the  aodulator  output  for  monitoring 
the  laser  current  to  a  point  of  optlaal  node 
rejection. 
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The  mode  reflectivity  of  narrow  stripe  double  heterostructure  semiconductor  laser  is 
evaluated  using  a  simplified  approach.  It  is  based  on  a  mode  matching  technique  in 
the  Fourier  Transform  domain  for  a  suitable  equivalent  structure.  The  method  allows 
to  compute  the  reflectivity  by  the  evaluation  of  an  integral  in  the  spectral  domain 
and  to  obtain  a  closed  form  analytical  expression  for  the  radiation  pattern. 


1.  INTRODUCTION 


2.  FORMULATION  OF  THE  PROBLEM 


The  end  facet  reflectivity  of 
semiconductor  laser  devices  has  been 
extensively  treated  in  the  literature  mainly 
for  a  planar  structure  by  several  authors 
11,2,3,4,5,  etc |  with  different  techniques. 
The  three  dimensional  waveguide  case,  whose 
interest  is  becoming  of  increasing  importance 
awing  to  the  use  of  very  narrow  strip  devices, 
has  been  so  far  considered  only  by  two  authors 
|6,7|. 

The  relevance  of  the  present  problem  is 
considerable  not  only  for  the  evaluation  of 
mirror  effects  an  laser  oscillators,  but  also 
as  regards  the  computation  of  the  radiation 
pattern  |2|  (a  well  known  characterization 
parameter)  and  for  the  design  of  laser 
amplifiers  antireflection  coatings  |5|. 

The  previously  reported  solution  1 7 1  of 
the  problem  under  analysis,  being  based  on  a 
rigorous  formulation,  is  rather  curriberscme.  In 
this  paper  a  simplified  technique  Is 
presented;  it  requires  a  small  amount  of 
computer  time  and,  as  a  consequence,  can  be 
easily  used  for  device  otpimization.  Extensive 
computation  for  the  quasi -TE  modes  end  facet 
reflectivity  have  bean  carried  out;  the 
evaluation  requires  only  the  computation  of  an 
Integral  in  the  spectral  domain.  The 
formulation  allows  also  to  obtain  in  closed 
analytical  form  an  expression  for  the  far- 
field  radiation. 


The  model  used  for  our  formulation  of  the 
problem  is  shown  in  Fig.  1  (in  the  actual 
structure  ■&  =  0).  The  interface  between  the 
waveguide  and  the  air  cannot  be  In  the  general 
described  as  a  boundary  between  two  uniform 
media  owing  to  the  difference  of  mode 
characteristics  in  the  two  regions. 

The  difficulties  of  the  mode  matching 
formulation,  for  the  evaluation  of  the 
reflection  coefficient  for  an  incident  mode, 
are  connected  with  this  point  and  with  the 
presence  of  the  continuous  spectrum  in  both 
structures. 


(2) 


■if 


Cl) 


Z-0  Z-d 


Figure  1 

Two-dimensional  model  of  the  structure  used  for 
the  problem  formulation:  (1)  waveguide  region, 
(2)  "ficticious"  transition  region, (3)  air. 
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The  reason  for  the  large  number  of 
formulations  of  the  two-dimensional  problem  is 
then  mainly  related  with  the  degree  of 
approximations  introduced  and  with  the 
possibilities  to  handle  the  continuous 
spectrum: 

-  neglecting  the  continuous  spectrum  in  the 
waveguide  region  |l| 

-  discretization  of  the  continuous  spectrum  in 
the  air  and  in  the  waveguide  region  |3,4| 

-  rigorous  formulation  using  the  mode  sets  of 
the  two  regions  and  construction  of  iterative 
solutions  1 2, 5 1 

The  computational  difficulties  are  greatly 
increased  for  the  three-dimensional  problems 
for: 

-  the  approximate  evaluation  of  the  waveguide 
inodes  (effective  refractive  index 
approximation) 

-  the  vectorial  formulation;  the  two- 
dimensional  problem  is  strictly  scalar 

-  the  bidlmenslonality  of  the  set  for  the 
expansion  of  the  continuous  spectrum. 

The  first  approach  to  this  case  |6|  was 
obtained  neglecting  the  continuous  spectrum  in 
the  waveguide  region.  The  most  recent  one  |5) , 
based  on  a  rigorous  extension  of  the  work  in 
1 2 1 ,  is  relatively  cuitoerscme  from  a  numerical 
point  of  view. 

Our  formulation  is  based  on  the  quasi-TE 
and  quasi-TM  approach  for  the  mode  fields  in 
the  waveguide  and  in  the  air,  on  a  proper 
matching  in  the  Fourier  Transfor  (F.T.)  domain 
between  the  incoming  reflected  and  transmitted 
field  and  it  takes  into  account  mode  conversion 
and  the  radiation  spectrum  in  the  waveguide 
region. 

In  order  to  be  allowed  to  Introduce  a 
Fourier  expansion  for  the  modes  we  hawe 
followed  the  idea  |8|  to  introduce  a  fictitious 
homogeneous  layer  of  refractive  index  and 
"zero  thickness"  that  minimize  the  reflection 
and  the  field  deformation  for  the  Incoming 
field  at  the  waveguide  interface. 

In  the  Fourier  domain  (£,n)  the  total 
electric  field  for  quasi-TE  modes  is  written  in 
the  form 

E1(C.n)-[i+R(C.n)]  Eu(c,n)S®2(5.n)«E3(e,n)  <D 

where  E  stands  for  the  y  ccrpcnent  of  the 
electric1  field  in  region  n,  Ep  and  R  for  the 
F.T.  of  the  lnccmir*}  mode  field  and  for  the 
proper  reflection  coefficient  of  its  (£  h ) 
components. 

The  continuity  is  set  on  the  transverse 
magnetic  field  H  «H  whose  incoming,  reflected 


and  transmitted  components  can  be  computed 
using  the  relation 


3z 


H 


x 


+  K  2  n2)  E 
o  y 


(2) 


In  region  (2)  and  (3)  this  relation  becomes 

0&2-  e2>  ( i-R) 

"<i,'l)'Y°(,  42-t2V)"tf~  E"l{,n)  (3> 

j  ° 

and  in  the  waveguide  is  written  in  the  form 


3  „  ,  3  ‘  „2 

-  Hx  “  ^ — i  +  K( 

0  3x  x  3 tl  ‘ 


on2} 


E  = 


(4) 


=  K?(n*(x,y)  -  tv)  E 
o  i  e.  y 


In  cur  approximate  formulation  we  have 
choosen  n  in  such  a  way  to  set  to  zero  the 
average  value  of  the  second  member,  in  (4). 

This  choice  gives  zero  reflection  in  the 
limit  of  a  first  order  approximation  as  can  be 
shown  both  using  coupled  mode  theory  |9|  or  the 
results  of  |2|  in  the  two  dimensional  case. 

With  this  approximation  both  the  Fresnel 
reflection  coefficient  for  incident  quasi-TE 
field  on  a  plane  interface  between  two  media 
with  refractive  index  n  and  or  the  matching 
in  the  spectral  domain  between  the  Fourier 
components  of  the  field  at  the  interface  give 


R(C.n) 


C3-(n^-C2)  C2 
<»2Ko-e2>  <2 


(5) 


where  C*«(n2  K2  -?2-b2). 
j  J  o 

The  evaluation  of  the  reflection 
coefficient  for  the  incident  mode  can  be 
computed  inmediately  by  using  the  mode 
ortogonality  in  the  waveguide 

Rp  *11  (n2  Kb'?2)  R(e,n)  dn  (6) 

where  the  following  normalization  condition 
holds 

(n2Ko~*2)  'V2  *  dt>  =  1  (7) 
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3.  COMPARISON  WITH  OTHER  FORMULATIONS 

For  what  concern  the  three-dimensional  case 
the  formulation  in  |6|  can  be  obt^Jner^  by 
inposing  R  =  R  and  neglecting  3  /3x  in 
(2)  that  limits  y  the  validity  of  that 
formulation  to  wide  strips. 

It  is  very  difficult  to  ccnpare 
analytically  our  formulation  with  the  most 
rigorous  in  1 7 1 .  For  this  reason  a  comparison 
has  been  carried  out  with  |2| .  The  leading  term 
of  the  reflection  coefficient  gives  exactly  the 
same  analytical  expression  of  our  approach. 

The  only  consideration  about  |7|  is  that 
the  effort  to  give  a  rigorous  vectorial 
characteristic  for  the  field  in  the  air  coicide 
with  the  quasi-TE  approximation  used  in  our 
formulation. 


4.  NUMERICAL  RESULTS 

An  extensive  comparison  with  the  results 
fotnd  in  the  literature  has  been  carried  out. 
Due  to  the  relatively  small  number  of  results 
for  the  three-dimensional  case  1 10 1  a 
particular  attention  has  been  given  to  test  our 
formulation  for  two-dimensional  case. 

In  Fig. 2  the  results  of  Ikegami  |l|  for  the 
amplitude  of  the  reflection  coefficient  of  the 
TEo  mode  are  compared  with  ours. 


Figure  2 

TE  mode  power  reflection  coefficient  for  a 
planar  symmetric  DH  laser  with  active  layer 
thickness  d  and  n=3.60.  Comparison  between 
Ikegami  |1|  results  (— — )  and  ours  for  some 
values  of  the  refractive  index  steps  at 
X  =  0.85  pm. 


In  order  to  test  also  the  phase  we  conpared 
the  Rozzi  results  In  1 3 1  for  a  single  mode  slab 
waveguide  0.6  un  thick  with  n=3.61  in  the  core 
and  3.40  in  the  cladding.  For  \  =  0.9  pm  we 
obtained  |R  | ^=0.6216  end  $  =2.15°  Instead  of 
0.622  and  2.92B. 

More  estensive  results  were  found  in  |4| 
aid  are  conpared  in  Fig.  3(a-b)  with  ours. 


Figure  3 

Reflection  coefficient  for  the  same  structure 
in  Fig. 2  as  a  function  of  V=  K  n  An  d. 
Ccrrparison  between  the  results  in  |4|°( — )  and 
ours:  (a)  magnitude  (b)  phase. 


For  the  three  dimensional  case  the 
ccnpetrison  with  the  numerical  results  in  1 10 1 
is  shown  in  Fig. 4  and  no  comparison  with  the 
results  of  the  sinpler  formulation  in  |6|  has 
been  reported  due  to  their  limitation  to  wide 
strips. 
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Figure  4 

Quasi-TE  node  power  reflection  coefficient  of 
a  EH  laser.  Comparison  between  the  results  in 
|10|  ( — )  end  ours. 

Previous  conparisons  show  a  maxlnun  error 
around  2.5%  end  5%  for  the  power  reflectivity 
respect  to  the  results  in  |2|  and  |4| . 

The  discrepancy  on  the  phase  is  greater  and 
it  reaches  a  maximum  of  0.03  rad. 

The  results  for  the  three-dimensional  case 
are  quite  good  and  shew  for  narrow  strips  a 
decrease  of  the  reflectivity  connected  with  the 
increased  TM  character  of  the  incoming  quasi- 
TE  field. 


5.  CONCLUSIONS 

In  this  communication  a  simplified 
formulation  for  the  evaluation  of  the  end  facet 
reflectivity  has  been  presented.  Its  validity 
has  been  checked  with  the  most  relevant  results 
in  the  literature  for  the  TE  mode  of  two-  and 
three-dimensional  planar  waveguide.  The 
formulation  of  the  problem  in  the  epee  trad 
domain  allows  a  straighforwsrd  application  to 
the  evaluation  of  the  radiation  pattern  and  to 
the  design  of  antireflection  coating  for  laser 
amplifier. 
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1.  INTRODUCTION 

There  Is  a  growing  Interest  In  tunable 
distributed-feedback  (DFB)  lasers,  because  of 
their  prospective  Importance  In  various 
applications.  Tunabllfty  is  currently  achieved 
by  dividing  the  laser  cavity  Into  an  active 
region  and  a  tuning  region  [1,2];  a  change  In 
current  through  the  tuning  region  changes  the 
carrier  density  In  the  active  region,  thereby 
changing  the  effective  refractive  Index  and  the 
Bragg  wavelength.  A  double-channel  planar 
burled  heterostructure  (DC-PBH)  has  been  used 
In  both  references  [1]  and  [2]. 

Most  theoretical  treatments  of  DFB  lasers 
have  concentrated  on  broad-area  models  [•>  j], 
where  modifications  In  the  longitudinal 
structure  such  as  a  w/2  phase  slip  In  the 
grating  have  been  used  In  order  to  achieve 
single  longitudinal-mode  operation.  The 
lateral  structure  of  the  devices  has  only  been 
considered  In  the  study  of  DFB  laser  phase 
arrays  [6],  using  the  coupled-modes  theory 
which  Is  not  valid  for  strongly  coupled 
stripes.  However,  the  lateral  field  and 
carrier  density  profiles  of  the  device 
influence  the  longitudinal  spectrum  through  an 
alteration  of  the  effective  refractive  Index 
and  of  the  Bragg  wavelength  [7],  This  effect 
must  be  taken  properly  Into  account, 
particularly  In  the  design  of  tunable  DFB 
lasers,  since  alterations  of  the  lateral 
geometry  of  the  device  can  significantly  affect 
its  frequency  spectrum. 

We  present  In  this  paper  a  more  general 
subthreshold  model  of  a  twin-stripe  DFB  laser, 


taking  Into  account  the  current  spreading  In 
the  passive  layer  and  the  lateral  diffusion  of 
carriers  In  the  active  layer.  The  purpose  of 
this  research  is  to  Investigate  the  effect  of 
different  (symmetrical  and  asymmetrical) 
pumping  conditions  on  the  longitudinal  spectrum 
and  therefore  on  the  laser  tunablllty.  The 
electrical  part  of  the  model  has  been  treated 
by  solving  a  two-dimensional  Laplace  equation 
consistently  with  the  carrier  diffusion 
equation  In  the  lateral  direction,  whereas  the 
corresponding  field  has  been  calculated  using 
the  beam-propagation  method  (BPM). 

A  short  description  of  our  model  Is 
presented  In  Section  2,  and  the  results  In 
Section  3;  Section  4  contains  our  conclusions. 

2  THE  MODEL 
a)  Electrical  part 

The  model  used  In  this  analysis  Is 
substantially  the  same  described  In  Reference 
[8].  We  have  assumed  that  the  highly  doped 
p-type  “cap"  layer  does  not  contribute 
significantly  to  the  current  spreading,  and 
that  the  n-type  passive  layer  and  the  substrate 
can  be  replaced  by  an  equlpotentlal  contact  at 
the  active  layer  Interface;  also,  that  the  two 
stripes  are  ohmic  and  equlpotentlal  contacts. 
No  variations  In  the  longitudinal  direction  are 
taken  into  account. 

For  given  applied  potentials  on  the  two 
stripes,  the  current  distribution  In  the  p-type 
passive  layer  Is  determined  by  solving  the 
two-dimensional  Laplace  equation  vzV»0,  subject 
to  the  Insulated  boundary  conditions®  W.n>*0. 


1033 


The  current  density  Injected  into  the  active 
layer  is  given  by: 

J(x)|  *  -ovV(x) I  (1) 

y*d  y=d 

where  a  is  the  conductivity  In  the  passive 
layer.  J(x)  acts  as  the  source  of  the  Injected 
carriers,  n(x),  in  the  active  layer;  the 
carrier  density  distribution  n(x)  can  be 
obtained  from  the  diffusion  equation: 

Deff  d2n(x)  -  Bn2(x)  =  -J(x)ly=d  (2) 

dx2  et 

where  Oeff  is  the  effective  diffusion  constant 
[9],  Bn2  is  the  bimolecular  recombination  term 
and  t  is  the  active  layer  thickness. 

Using  Joyce's  expressions  for  the  Fermi 
integrals  [10],  the  potential  across  the  p-n 
junction  can  be  written  as  a  function  of  the 
carrier  density  n(x);  the  above  equations  can 
thus  be  solved  self-consistently. 
b)  Optical  part 

In  our  analysis  of  the  optical  field  inside 
the  laser  cavity,  we  have  used  basically  the 
model  of  Reference  [7]  with  some  modifications. 
He  have  assumed  the  solution  of  the  scalar  wave 
equation  to  be  a  superposition  of  a  forward 
travelling  wave  <|»+e1lcz  and  a  backward 
travelling  wave  ifr'e**52,  where  ^(x.z)  are 
slowly  varying  functions  of  z  and  the  wave 
vector  k  Is  related  to  the  grating  period  via 
the  Bragg  resonance  condition.  Following 
Reference  [11]  we  have  expressed  the 
grating-induced  perturbation  in  the  dielectric 
constant  e  as  h(K/k)cos(2kz),  K  being  the 
coupling  coefficient  of  the  grating. 

To  take  the  lateral  carrier  profile  n(x) 
into  account,  we  have  followed  Reference  [12] 
and  assumed  a  linear  dependence  of  gain  on 
carrier  concentration,  g(x)«an(x)+b,  and  a 
linear  "antlgulding"  perturbation  -Ran(x). 
Including  a  built-in  lateral  Index  step  aN(x) 
as  well,  the  total  perturbation  Ac  In  the 


dielectric  constant  can  be  written  as  [12] 

Ac  «  2TNaAN(x)-(r/k0)Ran(x)Na-1rNag(x)/k0 
+1 (l-r)Npoc/k0  (3) 

where  Na  and  Np  are  the  refractive  Indexes  of 
the  active  and  passive  layers,  r  is  the 
transversal  confinement  factor,  k0  is  the 
free-free-space  wave  vector  and  ac  is  the 
absorption  coefficient  in  the  passive  layer. 

Substituting  (jj+eikz+^-e-ikz  into  the 
scalar  wave  equation,  dropping  the  negligible 
terms  a 2/&Z2  and  simplifying,  we  obtain  the 
coupled  equations 

±a  b*  =  ifru  +  l  a2  +  ko  Ael^+iM,* 
a7  [vg  2k0Neff  5x2  Y~  J  (4) 

that  differ  from  the  similar  equations  used  in 
broad-area  models  because  of  the  presence  of 
the  “lateral"  (x-dependent)  operator  added  to 
Aw/Vg.  Aw  is  the  difference  between  the  light 
frequency  u  and  the  Bragg  frequency  cog,  and  vg 
is  the  group  velocity;  Neff  is  the  effective 
refractive  index.  We  have  solved  Equation  (4) 
by  use  of  the  beam-propagation  method  (BPM) ; 
details  may  be  found  in  Refereces  7  and  12. 

Above  threshold,  a  term  ~g(x)|<)>|2 
representing  the  stimulated  recombination  must 
be  added  to  the  right-hand  side  of  the 
diffusion  Equation  (2),  and  the  electrical  and 
optical  equations  must  be  solved 
self-consistently. 

3  RESULTS 

In  broad-area  DFB  devices  the  longitudinal 
mode  spectrum  is  symmetric  with  respect  to  the 
Bragg  wavelength  xg^ANeff,  A  being  the  grating 
period  (for  a  first-order  grating).  The  two 
modes  whose  frequencies  are  nearest  to  the 
stop-band  reach  threshold  simultaneously  [3-5], 
and  single-mode  operation  can  only  be  achieved 
by  modifying  the  longitudinal  structure,  e.g. 
introducing  a  x/2  phase  slip  In  the  grating  or 
a  difference  In  reflectivity  between  the  two 
facets.  This  happens  with  a  single-stripe  DFB 
laser  as  well  [7];  taking  the  lateral  carrier 
density  profile  Into  account  results  in  a 
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change  of  the  effective  dielectric  constant  and 
therefore  in  a  shift  of  the  Bragg  frequency. 
The  spectrum  as  a  whole  remains  substantially 
the  same  as  for  a  broad-area  model  with  the 
same  longitudinal  structure.  It  Is  only  shifted 
following  the  Bragg  frequency  (Figure  1). 


Figure  1:  Broad-area  (broken  line)  and 
twinstripe  spectra  with  the  same  longitudinal 
structure 

The  shift  In  frequency  Is  due  to  the 
"lateral"  operator  added  to  Aw/vg  In  (4):  we 
can  write  the  operator  In  brackets  as 

1_  u-(wb  -  vg  a2  -  fcpVg  Ae) 
vg  2Meff  ax2  z 

*  _l_  [w-u'b], 
v9 

where  m'b  Is  the  "perturbed"  Bragg  frequency 
and  can  be  computed  by  use  of  the  standard 
perturbation  theory;  clearly,  the  B2/8X2  term 
and  the  autlguldlng  term  In  (3)  tend  to 
Increase  the  Bragg  frequency,  whereas  the 
built-in  Index  guiding  tends  to  reduce  It, 

Me  have  considered  two  different  lateral 
structures:  the  first  has  two  3  pm  wide 
stripes  separated  by  a  3  pm  gap,  the  second  one 
Is  Identical  but  with  a  built-in  refractive 
index  step  equal  to  10*3  localised  In  the  gap; 
both  structures  have  a  n/2  phase  slip  In  the 
grating  for  single-mode  operation.  When  both 


stripes  are  at  the  same  voltage,  the  carrier 
density  and  field  profiles  are  symmetrical. 
Threshold  Is  reached  at  91.0  mA  and  90.5  nA 
respectively,  and  the  frequency  of  the  main 
peak  Is  higher  by  8  6Hz  In  the  gain-guided 
structure  than  In  the  Index-guided  one,  as  the 
centre  of  the  gap  towards  the  high-pumped 
stripe,  thereby  reducing  the  effect  of  the 
Index  guiding.  As  to  the  antiguiding,  we  have 
expected  (we  are  speaking  now  of  v*oi/2%). 


Figure  2:  Carrier  density  (broken  line)  and 
field  Intensity  (solid  line)  for  asymmetrical 
pumping 

Figure  2  shows  the  profiles  when  the  stripe 
voltages  are  slightly  different.  The  effect  of 
the  asymmetry  Is  different  in  the  two 
structures:  for  gain  guiding,  threshold  is 
reached  when  the  stripe  voltages  are  1.605V  and 
1.625V  and  the  current  Is  91.05  mA,  and  the 
frequency  of  the  main  peak  Is  shifted  by 
-5.14  GHz  (0.041  nm  shift  In  wavelength);  for 
Index  guiding,  the  voltages  are  1.61V  and 
1.62V,  the  threshold  current  Is  91.0  mA  and  the 
frequency  Is  shifted  by  8.6  GHz  (0.068  nm).  The 
carrier  and  field  profiles  are  similar  In  the 
two  structures,  but  In  the  Index-guided  one  the 
field  Is  less  shifted. 

The  different  signs  of  the  frequency  shifts 
for  the  two  structures  can  be  easily  explained 
as  follows.  In  the  Index-guided  structure,  the 
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Index  step  Is  localised  between  the  stripes: 
the  asymmetric  pumping  shifts  the  field  from  to 
consider  both  the  lateral  shift  of  the  field 
and  the  alteration  of  the  carrier  density 
profile,  which  decreases  under  the  low-pumped 
stripe  and  (slightly)  In  the  Interstripe  gap 
and  Increases  under  the  high-pumped  stripe. 
These  are  two  competing  effects,  that  must  be 
considered  together  with  the  shift  of  the 
field:  our  calculations  show  that  for  small 
asymmetries  this  results  in  a  decrease  of  the 
carrier-induced  antiguiding.  This  Is  why  the 
gain-guided  structure  experiences  a  decrease  in 
frequency;  when  index  guiding  is  present,  its 
reduction  is  dominant  and  the  frequency 
increases. 

Of  course,  the  situation  is  quite  different 
when  the  asymmetry  between  the  two  stripes  is 
larger:  in  Figure  3  we  show  the  lateral 


Figure  3:  Carrier  density  (broken  line)  and 
field  intensity  (solid  line)  for  very 
asymmetric  pumping 

carrier  density  and  field  profiles  for  the 
gain-guided  structure,  when  the  threshold 
current  Is  106  mA  and  the  voltages  are  1.55V 
and  1.74V;  In  this  case,  we  have  practically  a 
(distorted)  single-stripe  laser.  The  frequency 
shift  Is  as  large  as  2700  GHz  (21  nm). 


4  CONCLUSIONS 

We  have  demonstrated  that  the  longitudinal 
mode  spectrum  of  a  DFB  laser  can  be  ‘‘tuned’' 
also  by  acting  on  Its  lateral  carrier  density 
profile,  and  that  the  frequency  shifts 

obtainable  In  this  way  are  comparable  with 
those  obtained  by  means  of  a  direct 

"longitudinal"  tuning:  Indeed,  the  tuning 

efficiency  is  of  the  order  of  10  to  100  GHz/mA 
depending  on  the  details  of  the  lateral 

structure.  Since  ageing  and  degradation  can 
alter  the  lateral  geometry  of  a  device,  thereby 
introducing  unwanted  lateral  asymmetries,  the 
performance  of  a  DFB  laser  can  be  significantly 
affected  by  the  appearance  of  frequency  and 
field  shifts;  the  lateral  structure  must 

therefore  be  properly  designed  in  order  to 
minimise  such  effects  or  to  provide  for  their 
compensation  by  means  of  some  kind  of  lateral 
tuning  mechanism. 
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AlGaAs/GaAs  MODULATION  DOPED  PETS  FOR  ULTRA  HIGH  SPEED  SIGNAL  PROCESSING  APPUCATIONS 
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Research  Center  of  Crete  and  Physics  Department,  University 
of  Crete,  Iraklio,  Crete,  Greece. 

MESFET  and  MODFET  device  technologies  are  reviewed  in  terms  of  device  characteristics  and  pro¬ 
cessing  difficulties.  The  MODFET  discussion  is  then  extended  to  include  the  planar  self-aligned 
processes.  The  requirements  for  molecular  beam  epitaxy  are  presented.  The  results  for  ring  oscilla¬ 
tors  are  compared  as  well  as  a  number  of  other  device/circuit  results. 


INTRODUCTION 

The  development  of  a  field  effect  transistor  GaAs 
technology  heralds  a  new  generation  of  digital  and 
analogue  circuits  for  high  performance  systems  such  as 
telecommunications,  high  speed  computers,  advanced 
instrumentation  and  signal  processing.  Likewise  the 
development  of  the  MODFET  (modulation  doped  field 
effect  transistor)  or  HEMT  also  heralds  a  new  genera¬ 
tion  of  digital  circuits  due  to  its  higher  two-dimensional 
electron  gas  mobility  and  saturated  drift  velocity. 
These  properties  translate  into  a  higher  switching  speed 
and  current  and  lower  parasitic  capacitances  for  MES¬ 
FET  and  silicon  devices  of  comparable  geometry.  This 
paper  will  review  the  important  aspects  of 
AlGaAsVGaAs  MODFETS  with  respect  to  signal  pro¬ 
cessing  applications.  Specifically  the  following  topics 
will  be  reviewed: 

I.  MESFETS  versus  MODFETS 

U.  The  important  aspects  of  the  MODFET  tech¬ 
nology 

a.  Planar  self-aligned  process 

b.  Molecular  beam  epitaxy 

m  Device/Circuit  Results  and  Summary. 

In  introducing  a  discussion  of  the  MODFET  tech¬ 
nology  one  has  to  assess  the  material  advantages  of 
GaAs.  As  discrete  components,  GaAs  FETs  have  been 
produced  both  as  depletion  mode  and  enhancement 


mode  FETs.  The  enhancement  mode  FETs  have 
resulted  in  a  reduction  of  power  consumption  which 
allows  one  to  increase  their  level  of  complexity  up  to 
LSI  level. 

The  basic  FET  structure  for  MESFETs  and  MOD- 
FETs  remains  the  same:  namely  the  recessed  gate111 
and  the  self-aligned  gate.121  The  conducting  channel  is 
formed  in  an  n-type  channel  for  the  MESFET  or  a  2 
dimensional  electron  gas  channel  for  the  MODFET.  A 
Schottky  barrier  is  then  formed  followed  by  the  ohmic 
contacts.  For  high  speed  applications,  the  gate  is 
recessed  in  order  to  minimize  the  parasitic  resistance  in 
series  with  the  channel.  In  the  self  aligned  structure, 
the  gate  itself  is  used  to  mask  the  formation  of  the 
source  and  drain.  The  most  important  difference 
between  enhancement  mode  and  depletion  mode  FETs 
is  the  thickness  of  the  channel.  Enhancement  mode 
FETs  require  a  thin  channel  which  is  fully  depleted  by 
the  built-in  potential  of  the  Schottky  gate.  The  deple¬ 
tion  mode  FETs  are  only  depleted  when  the  gate  is 
biased  negative  with  respect  to  the  source. 

I.  MODFETs  versus  MESFETs 

The  cross-section  construction  of  the  MODFET  is 
shown  in  Figure  1.  Two  characteristics  of  MODFETS 
are  essential  in  order  to  achieve  larger  noise  margins 
and  high  speed.  These  characteristics  are  the  undoped 
GaAs  channel  and  the  large  barrier  height.  The  gate 
metallization  makes  contact  through  an  n+— AlGaAs 
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MODFETs  FOR  DIGITAL  APPLICATIONS 


Source 


Drain 


•  LARGE  BARRIER  HEIGHT 
—  Larger  Noise  Margins 
—  Higher  Speeds 

—  High  Yield  MSI/LSI  Circuits 

•  UNDOPED  GaAs  CHANNEL 
—  High  Speed 


Develop  and  Optimize  MBE  Materials  Growth, 
Device  Structures,  and  Fabrication  Process  to  Achieve 
Ultra  High  Speed/Low  Power  MODFET  Device/Circuits 

Figure  1 

Schematic  showing  MODFETS  for  a  totally  planar  technology. 


layer  directly  to  an  undoped  AlGaAs  spacer  layer  and 
an  undoped  GaAs  region  which  contains  the  2DEG 
layer.  This  configuration  results  in  a  large  barrier 
height  and  therefore  larger  noise  margins,  higher  speed 
and  high  yield  circuits.  The  undoped  GaAs  channel 
due  to  the  minimization  of  impurity  scattering  results  in 
a  higher  transconductance  and  higher  speed. 

In  order  to  compare  MODFET  and  MESFET  per¬ 
formance,  ring  oscillator  data  has  been  plotted  for  a 
number  of  high  speed  technologies  as  shown  in  Figure 
2.  At  the  present  time  E-Mode  MODFETS  have  a  gate 
delay  time  of  10-30  ps  at  a  power  dissipation  per  gate 
of  1  mW.  In  comparison  E-Mode  MESFETS  show  a 
gate  delay  time  of  30-100  ps  at  1-10  mW  power  dissi¬ 
pation. 

The  basic  device  physics  of  the  MODFET  may  be 
understood  through  the  examination  of  the  conduction 
band  diagram.13  41  Figure  3^  shows  that  a  spatial  separa¬ 
tion  of  electrons  from  the  ionized  donors  is  possible  at 
the  n  +  —  AlGaAs/GaAs  heterojunction.  The  conduction 
electrons  are  therefore  present  in  the  undoped  GaAs 
potential  well  up  to  the  Fermi  level.  The  high  ring 


oscillator  delays  are  derived  from  the  superior  transport 
properties  of  the  electrons  in  the  2DEG.  The  low 
resistance  of  the  2DEG  permits  the  attainment  of  full 
device  current  at  small  voltages  above  threshold  and 
also  lowers  the  parasitic  resistance  of  the  MODFET. 
For  a  logic  circuit,  a  low  on-resistance  is  important  to 
maintain  a  good  noise  margin. 

0.  MODFET/MESFET  TECHNOLOGIES 

The  MODFET  self  aligned  gate  (SAG)  processing 
technology  is  a  9  mask  level  process  while  a  compar¬ 
able  E-MESFET  SAG  process  is  a  10  or  11  mask  level 
process.  The  MODFET  process  is  initiated  by  the  sub¬ 
strate  preparation  followed  by  MBE  growth,  metal  sili- 
cide,  self-aligned  implant,  anneal,  ohmic  contact  forma¬ 
tion,  isolation  implant,  Erst  level  metal,  interlevel 
dielectric  and  via  etch,  second  level  metallization  and 
bonding  pad  deposition.  The  E-MESFET  SAG  GaAs 
IC  process  includes  a  channel  implant  at  the  start  of  the 
process.  The  above  process  may  include  a  submicron 
gate  definition  formed  by  electron  beam  lithography. 
The  Schottky  metallization  for  a  SAG  process  is  usually 
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Ring  Oscillators 


10pW  30/tW  100«>w  »W  ImW  3mW  lOmW 

Power  Dissipation  porQatt 

Figure  2 

Gate  delay  and  power  dissipation  data  reported  for  ring  oscillators. 

n+-AIGaAs/GaAs  Heterostructures 


Figure  3 

The  energy  band  diagram  for  MODFETS 


a  TiW  filicide,  while  metal  1  and  2  is  TiAu.  The  Table  1.  The  present  technology  utilizes  3  inch  wafers 

interlevel  dielectric  is  S1O2  with  upper  and  lower  level  and  requires  an  electron  mobility  of  100,000-170,000 

being  SijN4.  cm2/v.s.  Also  achievable  is  the  minimization  of  MBB 

The  molecular  beam  epitaxy  materials  technology  surface  defects  to  leu  than  100/cm2.  Deep  traps  in  the 

for  achieving  a  high  yield  SAG  proceu  is  shown  in  AlGaA*[3'61  may  be  eliminated  through  utilization  of 
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TABLE  I 

MOLECULAR  BEAM  EPITAXY  MATERIALS  STATUS 


•  3  INCH  GaAs  PROCESS 

•  EXTREMELY  HIGH  ELECTRON  MOBILITY 

—  77K  MOBILITY  OP  MODFETs:  100,000  —  170,000  crr^/Vs 

•  LOW  MBE  SURFACE  DEFECTS 

—  KILLER  OVAL  DEFECTS  <  lOO/cm* 

•  DEEP  TRAPS  ELIMINATED  WITH  SUPERLATTICES 

—  DX  CENTERS  REDUCED  BY  FACTOR  OF  30 

•  MATERIAL  CONTROL 


Parameter 

Reproducibility 

Uniformity 

Thickness 

314 

244  in  central  2.5 

Inch  of  3  inch  wafers 

Doping 

344 

244  over  3  inch 

Aluminum 

214 

<  0.544  over  3  inch 

Composition 

•  Vt  UNIFORMITY  OF  MODFETs:  -  ±15mV  OVER  CENTRAL  2  INCH 


superlattices.  The  trapping  problem  in  the  MODFET  is 
the  most  serious  problem  affecting  its  large-scale  logic 
application.  The  main  trapping  center  is  associated 
with  donors  in  the  AlGaAs.  At  low  temperatures  the 
centers  may  be  ionized  by  light  and  firee-carriers  will 
remain  in  the  AlGaAs  and  with  recapture  will  lead  to 
persistent  photoconductivity. 

Utilization  of  a  superlattice  has  been  able  to  elim¬ 
inate  many  of  the  trapping  effects  and  has  resulted  in  a 
superior  threshold  voltage  uniformity.  This  is  shown  in 
Figure  4  for  a  gate  array  and  indicates  only  a  standard 
deviation  of  0.0084  volts  from  an  average  threshold 
voltage  of  0.18V  for  an  enhancer  tent  mode  MODFET. 
The  drain-source  voltage-drain  current  characteristics 
are  shown  in  Figure  S  for  a  1.0  pm  MODFET  and 
indicates  a  gm  of  approximately  22S  mS/mm  at  room 
temperature,  A  source  resistance  of  0.7  ohm-mm  was 
also  measured  for  the  MODFET.  The  gm  at  77  K 
increased  to  275-400  ms/mm.  The  improved  noise 
margin  performance  is  shown  in  Figure  6  where  the 
noise  margin  has  been  measured  to  be  390  mV. 


Superlattice  MODFET 
Threshold  Voltage  Uniformity 


1.00  1.38  1.75  2.13  2.50 


Volts  (x  10) 

Figure  4 

Superlattice  threshold  voltage  uniformity 
for  MODFETS. 
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OUTPUT  VOLTAGE  (V) 


Figure  5 

IV  characteristics  for  a  SAG  MODFET. 

higher  silicon  activation,  and  a  larger  charge  density. 
As  a  result  of  the  superlattice,  elimination  of  persistent 
photoconductivity  is  possible,  as  well  as  reduced  thres¬ 
hold  voltage  shifts.  The  above  configuration  also  elim¬ 
inates  the  presence  of  DX  centers  since  only  the  GaAs 
is  doped.  Figure  7  shows  the  band  diagram  of  a  super¬ 
lattice  MODFET  showing  the  undoped  Al^Ga,  As 
and  the  silicon  doped  GaAs.  The  spacer  region  is  typi¬ 
cally  50-100  A  thick  followed  by  an  undoped  GaAs 
buffer.  The  1DS  versus  Vps  characteristics  show  no 
evidence  of  trapping  and  in  addition  the  77  K  charac¬ 
teristics  are  very  similar  as  the  300  K  results  as  shown 
in  Figure  8.  The  DLTS  spectra  (deep  level  transient 
spectroscopy)  for  the  n+  GaAs  /i-AlGaAs  superlattice 
shows  a  3*)- fold  reduction  in  the  trap  concentration  of 
over  conventional  MODFET  structures.  In  addition, 
the  threshold  voltage  variation  has  been  decreased  sig¬ 
nificantly. 

A  comparison  of  the  propagation  delay  and  power 
dissipation  for  gate  arrays  and  MODFETs  is  shown 
in  Figure  9  indicating  improved  performance  for  the 
circuits  with  the  superlattice  charge  separation  region. 
Both  MESFET  and  MODFET  technologies  are 


DCFL  MODFET 
Noise  Margin  Performance 


INPUT  VOLTAGE  (V) 

Figure  6 

MODFET  noise  margin  performance. 

ID.  SUPERLATTICE  MODFET  I.C.s 

The  «+AlGaAs  layer  of  the  MODFET  may  be 
replaced  by  a  superlattice  layer  in  order  to  have  a  n  + 
(Si)-GaAs  :  i-AlAs  superlattice  charge  control  mechan¬ 
ism.  The  Si  is  now  only  within  the  GaAs  resulting  in  a 
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Superlattice  MODFET 


UiHJopwl  AJ*  Q,,.*  A* 


*f  IT,'  SJ*Oopad  GaAs 
I 


Tv 


(AI.Ga)  a« 
Spacar 


SuparUtttc - 1  I _ _  Undoped 

1  GaAe  Buffer 

Figure  7 

T»«  band  diagram  of  a  superlattice  MODFET. 


2.000  L  1  *  10m  Supertattice  MODFET  '  T~ 

|  300K  - 

j  77K - 

L  Vgate  =  1.4V 


•OS  (mA) 


.0000  1 - - - - - - 

v°s  .4000/div  (V) 

Figure  8 
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0.05  0.1  0.5  1.0 

Power  Dissipetlon  (mW/gate) 

Figure  9 

Power  dissipation  data  for  MODFETS  and  MESFETS. 


5.0 


compared.  The  optimum  result  reported  to  date  is  a  50 
ps/gate  delay  time  at  a  power  dissipation  of  0.5 
mW/gate. 

IV.  CIRCUIT  RESULTS  AND  CONCLUSIONS 

Results  from  a  self  aligned  gate  MODFET  triple 
cell  for  both  and/nor  and  nor  gate  delay  has  resulted  in 
typical  gate  delay  times  of  40-73  ps/gate  and  0.5-2.0 
GHz  clock  frequency.  Power  dissipation  for  the  MOD¬ 
FET  self  aligned  gates  is  of  the  order  of  0. 5-2.0 


mW/gate.  At  elevated  temperatures  in  the  BanviUe  Tri¬ 
ple  Cell  configuration  optimum  clock  frequency  is  typi¬ 
cally  observed  to  decrease.  Table  II  summarizes  the 
MODFET  results  reported  for  digital  electronics.  The 
circuit  of  greatest  complexity  is  a  5  x  5  multiplier  with 
a  gate  delay  of  72  ps  measured  at  77  K.  The  ring 
oscillator  results  at  2.33  GHz  indicate  a  gate  delay  of 
8.5  ps  at  77  K.  The  64  bit  SRAM  circuit  showed  the 
least  power  consumption  of  0.27  mW/gate. 


TABLE  II 

AIGaAs/GaAs  MODFETs  FOR  DIGITAL  ELECTRONICS 


CIRCUITS 

GATE 

COUNT 

CIRCUIT 

SPEEO 

GATE 

DELAY 

POWER 

COMMENTS 

Rina  OacUtator 

■era  cap 

25 

1.75  GHz 

•  11.5  pa 

l.55mW/gate 

300K  FO«1 

2.33  GHz 

8.5  pa 

2.59 

77K  FO  *  1 

Wvtde-by-4 

25 

4.3  GHz 

45.5  pa 

2.0 

300K  FO*2 

•4  bit  SRAM 

250 

1.1  naec 

0.27 

5  x  5  Multiplier 

370 

1.8  naec 

72  pa 

0.43 

300K  FO-2.2 

In  conclusion,  the  present  MODFET  technology 
based  on  a  planar  self-aligned  process  is  viable  for  ultra 
high  speed  signal  processing  applications.  This  tech¬ 
nology  offers  the  advantage  of  larger  noise  margins  and 
higher  speeds. 
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A  new  double  self  aligned  fabrication  process  for  bipolar  transistors  is  presen¬ 
ted  by  applying  the  self  aligned  silicide  (salicide)  process  using  Ft  to  poly -Si 
self  aligned  devices  Very  low  sheet  resistivities  for  the  external  base  region 
and  therefore  low  base  resistances  are  obtained.  Temperature  stability  of  the 
devices  for  annealing  at  700aC  for  60  min.  it  demonstrated.  No  silicide  brid¬ 
ging  is  observed. 


1.  INTRODUCTION 

Recent  improvements  in  bipolar  technology 
and  circuit  performance  are  mainly  exploiting 
the  benefits  of  polysilicon  self  aligned- 
(PSA-)  processes  [1,2].  The  key  feature  of 
these  processes  is  self  alignment  between 
emitter  and  extrinsic  base,  both  of  these 
regions  being  contacted  by  highly  doped  poly¬ 
silicon  layers.  This  concept  leads  to  a  dra¬ 
stic  reduction  in  base-collector  junction  area 
and  thus  CBo.  Furthermore,  extrinsic  base  re¬ 
sistance  is  reduced  significantly  due  to 
the  self  alignment  of  the  annular  p^-poly- 
sillcon  base  contact  layer  to  the  emitter 
region. 

This  is  no  longer  sufficient,  however,  with 
further  reduction  of  emitter  widths  down  to 
the  submicron  range,  especially  when  elongated 
esiitter  stripes  are  used  for  minimizing  the 
internal  base  resistance  t«i«.  This  is  be¬ 
cause  Ra«.*  is  still  limited  by  the  p*"- poly- Si 
sheet  resistance  (usually  100  Q /□  or  higher) 
and  thus  will  again  dominate  the  total  base 
resistance  Ra  and  limit  device  performance. 
Purtheraore,  unfavourable  asymmetric  current 
distributions  in  the  active  region  may  occur 
due  to  the  voltage  drop  within  the  p ■'■-poly¬ 
silicon  layer  [3], 

2.  PROCESS  FLOW 

These  problems  may  be  resolved  by  introdu¬ 
cing  a  second  self  aligned  process  step, 
namely  the  formation  of  a  self  aligned 
silicide  (salicide)  layer  on  top  of  both  p* 
and  n*  polysilicon  layers.  The  process  flow 
first  follows  conventional  bipolar  processing 
using  a  buried  a*  collector  region,  n*  epitaxy 


Fig.  It  Process  flow  for  forming  salicide 

contacted  double  self  aligned  bipolar 
transistors. 

and  recessed  oxide  isolation  (fig.  la).  Next  a 
sandwich  of  p*  poly-Si  and  SiO*  is  deposited 
by  LPCVD  and  patterned  with  vertical  sidewalls 
using  reactive  ion  etching  (RIB).  By  depo¬ 
siting  another  CVD  oxide  layer  and  applying  an 
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unmasked  RIE  etch-back,  sidewall  spacers  are 
formed  at  the  p*-  poly-Si  electrodes.  Base  im¬ 
plant,  n*  poly-Si  deposition,  emitter  drive-in 
and  patterning  of  the  n*  poly-Si  layer  yield 
the  self-aligned  emitter  base  structure  de¬ 
picted  in  fig.  lb. 

At  this  point  the  familiar  PSA  process  flow 
[1]  is  left.  The  n*  poly-Si  pattern  is  used  as 
a  mask  for  another  oxide  RIE  step,  thus  expo¬ 
sing  the  base  (p*)  polysilicon  layer  except 
where  covered  by  the  emitter  (n^)-polysilicon 
(fig.  lc).  A  second  oxide  spacer  is  then 
formed  by  depositing  200  nm  of  SiO»  (LPCVD- 
TEOS)  and  back-etching  this  layer  in  an  un¬ 
masked  RIE  step.  This  second  spacer  serves  to 
avoid  silicide  bridging  at  the  edge  of  the  n*- 
polysilicon  layer.  In  our  experiments  platinum 
was  then  sputter-deposited  to  a  thickness  of 
35  nm.  Silicidation  was  performed  at  370°C  in 
a  wet  oxygen  ambient;  unreacted  Ft  was  sub¬ 
sequently  etched  off  in  aqua  regia.  The  resul¬ 
ting  structure  (fig.  Id)  shows  complete  sili¬ 
cidation  of  all  polysilicon  electrodes  except 
for  the  base  polysilicon  in  the  narrow  n*/p^ 
poly-Si  overlap  region.  The  silicided  part  of 
the  base-polysilicon  forms  a  ring  of  low  sheet 
resistance  around  the  emitter  region.  Oxide 
deposition,  definition  of  contact  holes  and 
standard  TiW/AlSiTi  metallization  complete  the 
process  (fig.  le).  A  SIM  picture  of  the  emit¬ 
ter  region  of  a  transistor  before  opening  the 
contact  holes  is  shown  in  fig.  2. 


Pig.  2 i  SIM-cross  section  of  the  emitter  and 

extrinsic  base  region  of  a  Pt-salicided 
transistor  before  the  opening  of 
contact  holes. 


3.  BASE  RESISTANCE  AND  DEVICE  PERFORMANCE 

The  sheet  resistance  of  poly-Si  in  our 
standard  process  is  typically  ISO  Q/n  .  Using 
the  Pt-salicide  process  outlined  above  it  is 
lowered  to  7  fl/o  .  In  fig.  3  a  calculation  [3] 
of  the  total  base  resistance  and  its  external 
component  (emitter  area  2x8  pm* )  with  and 
without  salicide  is  shown  aa  a  function  of  the 
collector  current  density. 


Fig.  3:  Total  base  resistance  and  its  external 
component  of  a  transistor  with  and 
without  Pt-salicide  as  a  function  of 
collector  current  density. 

The  external  component  is  reduced  from  75  Q 
to  33  0  and  is  mainly  determined  by  the  sheet 
resistance  (appr.  50  ala  )  of  the  non-sili- 
cided  part  of  the  extrinsic  base  region 
(overlap  area  between  p*-  and  n^-poly-Si) . 

The  impact  on  performance  is  demonstrated 
by  the  gate  delay  times  of  pueh-pull  SCL  ring- 
oscillators  i  a  sensitivity  analysis  based  on 
SPICE  and  the  appropriate  base  resistance  data 
gives  a  reduction  of  the  gate  delay  time  of 
typically  20  Z  depending  on  emitter  geometry. 

4.  STATIC  DEVICE  PROPERTIES  AND  THERMAL 
STABILITY 

Crucial  issues  for  the  application  of  the 
salicide  process  in  the  production  of  high 
speed  bipolar  circuits  are  device  properties, 
stability  with  respect  to  thermal  stress  after 
silicidation  and  the  yield  obtainable. 
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To  clarify  the  impact  of  tha  new  base  con¬ 
tact  procata  on  tha  stability  of  our  transla¬ 
tors  with  raapact  to  tharmal  strata  tha  devi- 
cas  vara  annaalad  aftar  silicidation.  Fig.  4 
shows  input  and  transfar  characteristics  as 
wall  as  tha  currant  gain  as.  1c  for  a  device 
annealed  for  1  h  at  700°C  after  silicidation. 


2  4  6  8  1  [v]  10  80100 


Fig.  Si  Comparison  of  reverse  bias  character! 
sties  of  polysilicon  (b)  and  salicide 
contacted  (a)  transistors. 


4 i  Semi  logarithmic  plot  of  Ic.  Ia  vs. 

Uaa  and  double  logarithmic  plot  of 
Io  vt.  3  of  a  sample  with  an  additional 
annealing  cycle  (700'C,  60')  after 
silicidation. 


A  comparison  of  the  reverse  bias  charac¬ 
teristics  of  emitter  base  diodes  with  and 
without  salicided  contacts  (fig.  S)  clearly 
shows  that  no  silicide  bridging  occurs.  Both 
devices  show  comparable  tunneling  characteris¬ 
tics  which  are  determined  by  the  doping  in  the 
sidewall  diode  [4].  Differences  in  the  reverse 
bias  characteristics  of  polysilicon  and  sali¬ 
cide  contacted  transistors  were  observed  only 
at  pA  current  levels.  We  investigated  the  tem¬ 
perature  dependence  of  the  additional  current 
component  and  found  the  slope  of  the  corre¬ 
sponding  activation  energy  plot  (fig.  6)  to  be 
340  meV  -  Eo/2  in  close  accordance  to  what  is 
to  be  expected  from  the  8RU  deep  trap  model 


. k“dpTf]  lnMu“,0’1.  io10 

=  540  meV  -  Eq/2 


400  3S0  320  300  270 

—  t(k] 


Fig.  6 i  Activation  energy  plot  of  the  additio 
nal  current  component  observed  in  the 
EB  diode. 


Sine*  generation  currents  o £  this  order  of 
magnitude  were  found  elso  in  betches  without 
selicided  base  contacts  we  further  investiga¬ 
ted  the  generation  current  per  unit  volume  in 
the  reverse  biased  base  collector  junction  and 
found 

—  <  10'3-*  A/pm*  (4.1) 

8  V 

There  is  no  evidence  that  this  additional 
generation  current  component  is  caused  by  Pt 
impurities  but  we  may  conclude  that  (4.1) 
provides  an  upper  limit  for  the  increase  in 
generation  current  to  be  expected. 

S.  CONCLUSIONS 

We  conclude  that  the  salicide  process  pre¬ 
sented  allows  the  production  of  BJTs  with 
nearly  ideal  characteristics  even  after  con¬ 
siderable  thenaal  stress  -  a  fact  especially 
important  for  a  subsequent  multilayer  metalli¬ 
zation  process. 


The  sheet  resistance  of  the  external  base 
was  lowered  to  7  o/n  and  so  the  total  external 
base  resistance  could  be  reduced  drastically. 

As  eilicide  bridging  was  not  observed  this 
is  obviously  not  a  yield  limiting  factor. 

Of  course  the  process  flow  described  above 
may  as  well  be  used  with  other  silicides 
allowing  self  aligned  silicidation  like  TiSi* 
or  CoSi*.  For  these  thermally  very  stable 
materials,  favourable  combinations  of  emitter 
drive-in  and  silicidation  steps  might  be 
envisaged. 
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The  recent  progress  in  silicon  bipolar  cir¬ 
cuits  shows  a  remarkable  leap  to  higher  speed 
and  lower  power  consumption.  This  fact  results 
mainly  from  two  achievements:  self-alignment 
and  polysilicon  emitter  contact.  In  this  work, 
the  high-speed  and  low-power  capability  of  a 
modern  bipolar  technology  is  demonstrated.  It 
is  shown  that  even  by  use  of  rather  conserva¬ 
tive  2 nm  lithography,  remarkable  results  can 
be  achieved. 

First,  the  advantages  of  the  polysilicon  self- 
aligned  technology  (PSK)  are  shown  by  compar¬ 
ing  this  technology  with  a  standard  (buried  col¬ 
lector)  technology  (SBC).  The  simplified  cross- 
sections  of  the  corresponding  transistors  are 
given  in  fig.  1. 


Fig.l  Cross-sections  of  transistors  for  standard 
(SBC)  and  PSA  technology. 


The  PSA  technology  developed  for  the  produc¬ 
tion  of  complex  gate  arrays  was  described  else¬ 
where  [lj.  It  is  a  double-polysilicon  technique 
with  oxide  spacer  between  emitter  contact  and 
extrinsic  base  contact  (see  flg.2).  The  polysill- 
con  layers  are  acting  both  as  diffusion  sources 
as  well  as  contact  materials.  From  fig.l  it  can 
clearly  be  seen  that  the  extension  of  the  exter- 


Fig.2  REM  photograph  of  the  cross-section  of  a 
PSA  transistor 


nal  base  region  of  the  PSA  is  drastically 
reduced  compared  to  SBC.  To  a  large  extent,  it 
is  replaced  by  the  polysilicon  layer  on  top  of  a 
thick  oxide.  These  features  result  in  superior 
transistor  parameters  compared  to  the  SBC 
technology.  In  table  1,  transistor  parameters  of 
both  technologies  are  given  on  the  basis  of  an 
emitter  with  a  length  of  20 pim  and  a  2/xm 
lithography.  The  main  differences  can  be 
noticed  in  the  base  spreading  resistance  A*, 
especially  in  the  external  resistance  Rb„,  the 
collector-base  capacitance  CyC(  and  the  for- 
ward  transit  time  rr.  Due  to  the  oxide  spacer, 


Table  1  Comparison  of  the  transistor  parame¬ 
ters  for  PSA  and  SBC  technology. 
Emitter  mask  size  2x20 pm2 


PSA 

SBC 

Effective  emitter  size 

1.4 »  19.4pm2 

2*20  pm* 

B«»«  miiimc*  Rfc,  • 

so  n .  a  n 

570  *49Q 

Emitter-  base  capacitance  Cj tp 

114  tF 

196  tF 

Con*ctor-b«M  cspKittnce  C*p 

70  fF 

181  IF 

Collector -substfite  cep.  C^> 

MO  tF 

30*  IF 

Bm  transit  lima  rFg 

Spa 

13  pe 
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the  effective  emitter  width  is  1.4/um  for  the 
mask  size  of  2 pm.  Therefore,  the  internal  base 
resistance  R^  is  about  30 £  smaller  in  the  case 
of  self-aligned  emitter-base  configuration  at  the 
same  sheet  resistance  of  the  internal  base 
(about  lOfcfbtj  ). 

The  use  of  polysilicon  as-  a  source  for  the 
diffusion  of  arsenic  enables  shallower  emitters 
and  smaller  base  widths  leading  to  smaller  tran¬ 
sit  time  Tr.  Moreover,  a  further  reduction  of 
transistor  area  at  low  R^  can  be  achieved  by 
use  of  silicide  or  "polycide"  instead  of  p'olysili- 
con  base  contact  [3]. 

The  capability  of  technologies  for  producing 
high-speed  ICs  can  be  well  demonstrated  with 
circuits  like  static  frequency  dividers.  There-  - 
fore.  8:1  dividers  based  on  master/slave  D  flip- 
flops  with  the  inverted  output  fed  back  to  the 
data  input  have  been  realized  for  this  purpose. 
First,  the  circuit  was  designed  and  optimized 
for  maximum  operating  frequency.  Optimization 
included  the  resistances,  currents,  and  voltage 
swings  as  well  as  the  geometry  of  all  individual 
transistors  (cf.  [4]-[6]).  The  circuit  diagram  and 
further  details  are  described  in  [7],  the  photo¬ 
graph  of  the  chip  is  shown  in  fig.  3  with  a  chip 
area  of  0.9mm 2  including  bond  pads.  At  a  total 


w  % 

% 


Fig.3  Chip  photo  of  the  8  GHz  frequency  divider 

power  consumption  of  430m  W  for  the  8:1  fre¬ 
quency  divider  including  the  output  buffer  with 
500  load,  a  maximum  input  frequency  f  of 
8 GHz  was  achieved.  This  is  the  highest  fre¬ 
quency  for  static  frequency  dividers  based  on  a 
2/zm  technology  ever  reported  to  the  authors' 
knowledge.  The  input  and  output  signal  at  this 
frequency  is  shown  in  fig.  4. 

Fig. 5  presents  the  minimum  required  input  vol¬ 
tage  vs.  input  frequency.  It  can  be  seen  that  at 
frequencies  somewhat  lower  than  BGHz ,  the 
input  voltage  can  considerably  be  reduced. 

For  comparison,  with  a  2/um  standard  technol¬ 
ogy,  similar  to  that  in  fig.  1,  a  maximum  input 
frequency  of  ZAGHx  has  been  achieved  [8]. 


Fig.4  Input  and  output  signals  of  the  8:1  fre¬ 
quency  divider  at  8 GHz  input  frequency 


These  results  can  be  well  compared  because 
both  circuits  have  been  designed  using  the 
same  methods  and,  moreover,  consume  about 
the  same  power.  This  demonstrates  a  speed 
advantage  of  the  PSA  technology  by  more  than 
a  factor  of  two  for  nearly  the  same  lithography. 
This  result  has  been  confirmed  by  investigation 
of  other  types  of  high-speed  circuits  on  the 
basis  of  both  technologies  [8]. 

The  question  is  how  much '  f  is  reduced  if 

the  power  consumption  P  is  lowered.  For  the 
circuit  principle  used,  /  m,,  is  about  inversely 
proportional  to  the  gate  delay  f*.  Assuming  that 
all  transistors  have  the  same  size  and  that  the 
relation  (2)  given  in  [4]  holds  in  rough  approxi¬ 
mation  also  for  the  present  circuit  principle,  we 
get 

— -i —  I  i r+kzRCj,)+k ^RC,jft  (1) 

J  max  K 

This  expression  should  only  indicate  the  basic 
relationships.  At  fixed  voltage  swings  and  resis¬ 
tance  ratios,  the  factors  kt  ■  •  ■  are  constant. 
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is  an  effective  capacitance  representing  the 
influence  of  junction  and  wiring  capacitances 
(cf.  [4]).  R  is  on  arbitrary  reference  resistance 
(e.g.  the  load  resistance  of  the  flipflops)  which 
changes  with  varying  power  consumption  P  as 

.  (2) 

At  small  power  consumption,  the  last  term  in  (1) 
is  dominating. 

As  already  demonstrated  in  [4],  [5],  the  reduc¬ 
tion  of  /m«x  with  decreasing  P  (i.e.  rising  R) 
can  be  kept  small  by  reducing  the  length  of 
emitters,  lB,  proportionally  to  P.  In  this  way, 
Rb 

the  terms  —  and  RC^  in  (1)  remain  nearly 

constant.  Furthermore,  RC^  is  only  compara¬ 
tively  slightly  enhanced  as  long  as  the  lengths 
of  emitters  are  sufficiently  large  and  the  junc¬ 
tion  capacitances  are  dominating  over  the  wir¬ 
ing  capacitances. 

This  adaption  of  transistor  size  to  power  con¬ 
sumption  can  only  be  obtained  by  changing  of 
the  masks.  Therefore,  first  the  dimensions  of 
the  transistors  have  been  maintained  and  the 
power  consumption  has  been  reduced  by 
increasing  only  the  sheet  resistance  of  the 
polysilicon  resistors.  The  experimental  results 
obtained  in  this  way  are  shown  in  fig.  6.  At 
P*i60m  W  still  4 GHz  are  achieved. 


P — • 


Fig. 6  Maximal  input  frequency  of  the  frequency 
dividers  vs.  power  consumption 

For  further  reduced  power  consumption,  a 
second  circuit  with  transistors  all  of  minimum 
size  and  only  with  one  base  contact  has  been 
realized  (emitter  mask  dimensions  2x4m”’is). 
The  maximum  operating  frequency  of  this  cir¬ 
cuit  is  3. SC/ft.  Below  about  2.QGH*  (P<30mW), 
it  consumes  less  power  than  the  first  circuit 


designed  for  maximum  speed.  At  P=10mlF,  still 
more  than  1  GHx  is  achieved. 

It  should  be  emphasized  that  the  values  of 
/  max  at  medium  and  higher  power  consumption 
would  be  considerably  higher  than  those  shown 
in  flg.  6  if  the  dimensions  of  transistors  were 
adapted  to  P.  At  small  power  consumption  and 
minimum  transistor  dimensions,  higher  values 
of  /ml  are  achievable  if  the  resistivity  of  the 
epitaxial  collector  (p^wO.SOcm)  is  enlarged 
resulting  in  a  reduction  of  Cje . 

The  results  of  the  present  work  confirm  that 
not  only  the  maximum  achievable  operating 
speed  is  more  than  two  times  higher  with  a 
modern  PSA  technology  than  with  a  standard 
SBC  technology  using  about  the  same  lithogra¬ 
phy,  but  also  prove  the  PSA  technology  to  be 
very  well  suited  for  high-speed  circuits  with  low 
power  consumption. 

Additionally,  it  should  be  mentioned  that  the 
ideal  low-current  characteristics  of  the  PSA 
transistors  [l]  enable  us  to  realize  circuits  with 
extremely  low  power  consumption  together  with 
high-speed  circuits  on  a  single  chip.  Therefore, 
for  many  applications  the  PSA  technology  is  a 
serious  rival  for  modern  CMOS  technologies  in 
the  low-power  regime. 

For  comparison,  flg.  6  contains  the  results 
f  max(P)  of  a  B:1  frequency  divider  realized  in  a 
1/um  CMOS  technology.  At  fixed  f  ^^XGHz), 
the  power  consumption  of  the  CMOS  circuit  is 
drastically  higher  than  that  of  the  bipolar  cir¬ 
cuit.  Using  the  same  lithography  for  both  tech¬ 
nologies,  the  difference  is  much  more  enhanced. 
These  results  are  mainly  a  consequence  of  the 
much  smaller  voltage  swings  of  the  bipolar  cir¬ 
cuits. 

However,  it  should  be  pointed  out  that  this 
comparison  looks  better  for  the  CMOS  technol¬ 
ogy,  if  -as  in  many  logic  circuits-  the  medium 
switching  period  of  the  gates  and  flipflops  is 
large  compared  to  the  gate  delay. 
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Current  transport  model  and  current  gain  degradation  mechanisms  of  a  silicon  hetero¬ 
junction  bipolar  transistor  with  amorphous  SiC  emitter  are  discussed  by  observing 
various  characteristics  of  amorphous  SIC  films  as  the  emitter  material.  Under  such 
study  current  gain  is  remarkably  enhanced  by  using  low  resistance  micro-crystalline 
Si,  and  current  gain  as  high  as  430  has  been  obtained. 


1.  INTRODUCTION 

We  have  been  investigating  Si  heterojunc¬ 
tion  bipolar  transistors  (HBTs)  with  amorphous 
SiC  (a-SiC)  wide  band  gap  hetero-emitter  [1], 
[2]  in  order  to  realize  future  high  speed 
bipolar  transistor  and  its  system.  The  device 
has  several  prospects: 

1)  High  current  gain  can  be  preserved  due  to 
wide  band  gap  emitter  even  under  heavily 
doped  base  condition,  which  means  reduction 
of  base  resistance. 

2)  In  order  to  fabricate  the  very  thin  and 
heavily  doped  base  region,  the  process  tem¬ 
perature  must  be  low.  The  a-SiC  emitter 
can  overcome  this  limitation,  because  the 
deposition  temperature  of  a-SiC  is  so  low 
as  to  prevent  redistributi  of  base 
impurities. 

3)  Moreover,  It  is  considered  that  this 
emitter  has  good  process  compatibility  with 
conventional  bipolar  transistors  having 
poly  Si  emitter,  since  the  poly  Si  emitter 
can  be  easily  replaced  by  this  emitter. 

In  this  paper,  at  first  we  will  explain 
fabrication  process  of  a  device  snd  funda¬ 
ments!  properties  of  a-SiC  films.  Then  the 
cause  of  lower  current  gain  than  the  value 
expected  theoretically  from  the  band  structure 
will  be  cleared  by  considering  a  current 


transport  mechanism  on  the  a-SiC/c-Si  hetero¬ 
junction.  Furthermore,  after  indicating  means 
such  as  useful  micro-crystalline  Si  to  enhance 
current  gain.  Actually,  we  will  show  an 
example  achieving  current  gain  as  high  as  480. 

2.  DEVICE  FABRICATION  PROCESS 

Conventional  Si  process  was  used  for  fabri¬ 
cation  of  the  HBTs. 

A  field  oxide  film  was  grown  thermally  on  a 
chemically  precleaned  7  flcm  (111)  n/n+  Si 
substrate  and  a  window  was  cut  into  it.  Ion 
implantation  (B+,  8x10^  Cm~^,  80  keV)  was 
carried  out  for  fabricating  base  region.  A 
second  oxidation(1025  °C,  30  min),  base  drive- 
in  diffusion  and  activation  anneal  were 
carried  out  simultaneously.  An  emitter  window 
was  cut  into  the  oxide,  the  base  surface  was 
cleaned  by  RCA  boiling  again.  Immediately 
after  the  sample  was  dipped  in  the  HF  solution 
in  order  to  remove  a  chemical  oxide,  the 
sample  wus  loaded  into  the  discharge  chamber 
of  plasma  CVD  system  wherein  an  a-SiC  film  was 
deposited.  Then,  the  a-SiC  film  was  etched  by 
CF^  RIE  etching  except  emitter  region.  After 
finally  A1  electrodes  were  fabricated,  treat¬ 
ment  such  as  thermal  or  H2  anneal  was  not 
applied.  A  cross-section  of  the  transistor  is 
shown)  in  Fig.l. 
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Fig.l.  Cross-section  of  transistor . 


Depo.  Method 

:L-coupled  plasma  CVD 

Sub.  Temp. 

:350  *C 

Dischage  Power 

:60  W 

Pressure 

:0.4  Torr 

Usig  Gases 

iSiH^  5%  (He,  H2  dilution) 

ch4  100% 

PH-j  1%  (He,  H2  dilution) 

Depo.  rate 

:  40  A/min 

Table  1.  Deposition  conditions  of  a-SiC. 


3.  RESULTS  AND  DISCUSSION 

3.1  Charactarization  of  a-SiC  Films 

a-SiC  films  were  deposited  by  using  induc¬ 
tive  coupled  plasma  CVD  system.  Deposition 
conditions  are  shown  in  table  1. 

Carbon  content  X,  conductivity  od  and 
optical  band  gap  Eg(opt)  were  measured  by 
EPMA,  I-V  characteristics  between  two  elec¬ 
trodes  and  photo  absorption  respectively  for 
H2  and  He  diluted  gas  sources.  In  those 
measurements,  suitable  substrates  (metal  for 
carbon  content.  Corning  7059  glass  for  conduc¬ 
tivity  and  optical  band  gap)  were  chosen.  The 
results  were  shown  in  Fig.2  as  a  parameter  of 
CH4  fraction. 

As  the  CH4  fraction  increases,  X  and 
Eg^pt)  monotonously  increase,  however,  od 
rapidly  decreases.  C  content  in  the  a-SiC 
film  prepared  by  H2  dilution  gases  is  about 
half  of  C  content  of  the  film  by  He  dilution. 
This  can  be  explained  that  decomposition  of 
CH4  in  H2  dilution  case  would  not  be  so 
remarkably  occurred  as  He  dilution  case.  The 
conductivities  of  those  two  films  at  the  same 
C  content  are  almost  same.  Therefore,  if  is 
concluded  that  the  conductivity  principally 
depends  on  the  C  content  in  the  film,  rather 
than  on  the  kind  of  dilution  gases, 

3.2  Current  Gain  Degradation  Mechanism 

Typical  V^g-Ic  characteristics  for  a-SiC 

emitter  HBT  are  shown  in  Fig.3,  A  current 


0  0.1  0.2  0.3  0.4  0.5  0.6 


Y  :  SiH4(i-Y)  +  CH4(y) 

Fig.2.  Fundamental  properties  of  a-SiC  films 
prepared  from  He  or  H2  dilution  gases. 

gain  of  180  is  achieved  in  low  collector 
current.  This  value  corresponds  to  emitter 
Gummel  number  of  2x10^  s/cm\  suggesting  the 
wide  band  gap  emitter  effect  [2], 

A  factor  determining  the  current  gain  was 
indicated  by  using  a  band  structure,  resulting 
that  we  could  explain  large  difference  of 
current  gain  between  pnp  type  HBT  and  npn  type 
HBT  [1].  However  current  gains  obtained  were 
not  always  high  comparing  with  one  theoreti¬ 
cally  predicted  from  the  band  structure. 

In  order  to  clarify  mechanisms  of  such 
relatively  low  current  gain,  the  characteris¬ 
tics  of  emitter  current  and  current  gains  were 
measured  as  the  function  of  Vgg,  and  are  shown 
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in  Fig.4.  It  is  observed  that  the  current 
gain  degradation  starts  at  the  same  point  at 
which  emitter  current  starts  saturate.  This 
behavior  could  be  interpreted  by  a  current 
transport  model  at  an  a-SiC/c-Si  hetero¬ 
junction  as  shown  in  Fig.5. 


Fig.3.  Curve-tracer  presentation  of 

characteristics  for  the  a-SiC  hetero¬ 
emitter  Si-HBT. 


Fig.4.  Emitter-base  diode  current  and  current 
gain  dependences  on  Vgj. 


Fig.5.  Current  transport  model  for  a-SiC/c-Si 
hetero-structure . 

It  is  considered  that  since  the  a-SiC  film 
shows  high  resistivity  as  shown  in  Fig.2, 
carrier  concentration  in  a-SiC  is  extremely 
small.  Therefore,  a  current  flowing  through 
the  emitter  would  be  in  the  drift-current- 
limited  even  at  such  relatively  small  emitter 
current  region.  On  the  other  hand,  the  inter¬ 
face  recombination  current  and  the  defect- 
assisted  current  flowing  via  localized  states 
induced  by  the  defects  in  a-SiC  which 
contribute  base  current  would  be  still  in  the 
exponential  increase  region.  Furthermore,  it 
is  noted  that  electric  field  caused  by  high 
emitter  series  resistance  enhances  the  defect- 
assisted  current  components  just  explained 
above. 

3.3  Improvement  of  Current  Gain 

It  can  be  said  from  above  considerations 
that  the  current  gain  degradation  is  occurred 
due  to  low  current  supply  capability  of  the 
emitter  rather  than  the  interface  problem. 

In  order  to  confirm  this  hypothesis,  as  an 
example,  a  micro-crystalline  Si(pc-Si)  emitter 
which  provided  wide  band  gap  as  same  as  a-Si 
[3]  in  spite  of  much  lower  resistance  was 
used.  The  uc-Si  was  also  prepared  by  L-couple 
plasma  CVD  apparatus,  under  the  same  condition 
as  deposition  of  a-SiC  film  except  adding  Ar 
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gas  of  20%  to  SiH4,  PH4  gas  sources.  In  the 
case  without  Ar  gas,  the  film  was  a-Si  phase, 
not  being  micro-crystallized.  The  conduc¬ 
tivity,  band  gap,  grain  size  and  film  thick¬ 
ness  of  uc-Si  is  4.4  S/cm,  1.75  eV,  about  50  A 
and  100  nm  respectively.  Collector  current 
density  -  current  gain  characteristics  of  the 
samples  are  shown  in  Fig.6,  The  current  gain 
as  high  as  480  is  obtained.  This  value  is 
from  2  to  3  times  larger  than  the  value 
obtained  by  a-SiC  emitter.  Therefore  we  can 
say  that  this  experimental  result  confirms  the 
validity  of  the  above  considerations. 


Fig.6.  hpg-Ip  characteristics  of  uc-Si  hetero¬ 
emitter  transistors. 

4.  CONCLUSION 

We  have  discussed  the  current  transport 
mechanisms  and  current  gain  in  a-SiC  emitter 
Si-HBT.  It  can  be  concluded  that  the  current 
gain  of  this  type  HBT  is  expected  to  be  more 
improved  by  increasing  the  current  supply 
capability  of  the  emitter. 


As  a  matter  of  course,  the  hetero-interface 
properties  also  should  be  improved.  In  order 
to  realize  this  and  obtain  a  high  quality 
amorphous  or  micro-crystalline  SiC  film,  we 
think  that  the  films  are  necessary  to  be 
densified. 
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A  new  high  voltage  (H.V)  npn  bipolar  transistor  for  H.V  BiCMOS  IC's  has  been  deve¬ 
loped  which  is  fully  compatible  with  conventional  low  valtage  n-well  CMOS  process. 
The  npn  transistor  employs  n-well  of  low  valtage  (L.V)  CMOS  as  the  collector  drift 
region  and  it  acts  as  the  self-isolation  region  as  well.  The  narrow  self-aligned 
base  is  a  result  of  double  diffusion.  The  device  has  shown  a  high  performence,i.e, 
hpj?  of  100,  f^  of  31  MHj,  and  BVceo  of  greater  than  300  V.  It  is  expected  that  com¬ 
plementary  H.V  npn  and  pnp  transistors  of  this  type  can  be  integrated  with  H.V  and 
L.V  CMOS  and  bipolar  devices  on  a  same  chip  by  Silicon  wafer  Direct  Bonding  (SDB)/ 
SOI  technology. 


1.  INTRODUCTION 

Many  ASIC  (Application  Specific  Integrated 
Circuit)  designs  require  high  voltage  devices 
to  be  integrated  compatibly  in  a  same  chip  with 
conventional  low  voltage  (L.V)  control  and  drive 
circuits.  Moreover,  high  voltage  (H.V)  IC's  have 
been  demanded  not  only  by  digital  applications, 
such  as  flat  display  panels  but  also  by  analogue 
circuits  such  as  interface  circuits  in  telephone 
systems  and  piezoelectric  actuator  driver  cir¬ 
cuits.  For  H.V  digital  applications,  high  dri¬ 
ving  capability  and  low  power  are  main  require¬ 
ments  while  H.V  analogue  circuits  with  high  gair 
band  width  and  low  noise  are  most  desirable. 
Because  of  the  inherent  advantages  of  CMOS  to 
digital  and  bipolar  to  analogue  performence, 
the  development  of  a  compatible  process  tech¬ 
nology  combining  L.V  CMOS  and  bipolar  with  H.V 
CMOS  and  bipolar  devices  on  one  chip  provides 
an  ideal  solution  to  satisfy  all  the  require¬ 
ments.  A  monolithic  integration  technology  of 
L.V  CMOS/bipolar with  H.V  NMOS  has  been  reported 
by  us  previously  (1),  (2)  .  Based  on  the 

same  n-well  CMOS  process,  a  new  H.V  biploar  de¬ 
vice  is  proposed  which  utilizes  the  n-well  drift 
region  and  emitter  extended  field  plate  to  pro¬ 
vide  high  breakdown  voltage  BVceo.  The  same 
n-well  provides  self-isolation  between  devices 
and  the  narrow  base  is  realized  by  double  diffu¬ 


sion  technique  for  high  gain  and  high  speed. 

The  device  structure  and  model  is  presented. 
Experimental  results  show  the  proposed  H.V 
bipolar  device  has  high  performance  and  is 
suitable  for  H.V  BiCMOS  IC's.  Monolithic  inte¬ 
gration  of  L.V  CMOS/complementary  bipolar  with 
H.V  CMOS/complementary  bipolar  can  be  realized 
by  newly  developed  Silicon  wafer  Direct  bonding 
technique,  ie,  (SDB)/S0I  technology  and  it  pro¬ 
vides  maximum  design  flexibility  for  various 
system  applications (3),  (4). 

2.  DEVICE  STRUCTURE  AND  MODEL 

Fiqure  1  is  the  cross-section  of  the  new 
H.V  npn  device.  The  4.5  pm  deep  n-well  of  L.V 
CMOS  is  adopted  as  a  self-isolated  collector 
and  the  source/drain  diffusion  forms  n+  collec¬ 
tor  contact  and  n+  emitter  which  is  self-align¬ 
ed  to  the  base  edge.  An  additional  photo  step 
to  open  the  base  region  , 1  a  boron  implant  and 
a  drive-in  step  to  form  the  base  are  performed. 
The  aluminium  or  poly  emitter  contact  acting 
as  a  field  plate  is  across  over  the  thick  field 
oxide  and  the  drift  region  to  increase  the  de¬ 
vice  breakdown  voltage  BVceo. 

As  Vce  increases,  the  depletion  layer  on  the 
n-well  surface  and  that  in  the  inside  bottom 

of  the  n-well,  caused  by  the  field  plate  po¬ 
tential  and  the  reverse  biased  voltage  on  the 
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well,  respectively,  spread  downward  and  upward, 
respectively,  to  meet  each  other.  At  the  vol¬ 
tage  of  Vp, ,  the  well  is  pinched-off  before  the 
electric  field  in  base-collector  junction  rea¬ 
ches  a  critical  avalenche  electric  field.  The 
further  increased  valtage  is  mainly  dropped  in 
the  pinch-off  region  and  causes  another  pinch- 
off  to  occur  close  to  the  n+  end  of  the  well, 

?2  at  voltage  of  Vp2  until  the  breakdown  of 
the  well  junction  takes  place. 


B  EHLfh  C 


Fiqure  1  Cross-section  of  H.V  npn  device 
structure 


Vpl  is  given  by 
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Where  NB  and  Nw  are  doping  concentration  of 

p-substrate  and  n-vell,  respectively,  tp 
thicknees  of  the  thick  oxide,  Xj  the  junction 
depth  of  n-well,  Vpg  the  flat  b8nd  voltage  of 
thick  oxide  capacitor. 

Vp2  la  expressed  by 
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where  round  shape  of  the  device  is  assumed  and 
Vc  is  the  collector  voltage. 

To  optimize  the  design,  a  trade  off  between 
BVceo  and  Rc  is  made.  Fiqure  2  is  the  experi¬ 
mental  results  of  Lc  «s.  BVce.  It  is  clear  that 
for  a  specific  required  BV  ,  the  shortest  po¬ 
ssible  Lc  should  be  chosen. 


u  I - J - 1 - 1 _ i _ I _  | _ a. 

0  20  30  40  50  60  70  Lc(pm) 

Figure  2  Experimental  relationship  between 
BVceo  and  Lc 
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The  collector  on-resistance  Rc  is  composed 
of  drift  region  resistance  beneath  the  field 
plate,  Rj  and  the  resistance  of  the  rest  of  the 
drift  region,  Rj! 


3.  EXPERIMENTAL  RESULTS 

The  device  has  been  successfully  proecessed 
by  our  n-well  CMOS  process  with  one  extra  mask. 

Fiqure  3  is  I-V  characteristres  of  th^  de¬ 
vice.  Because  of  the  field  plate  stracture, 
BVce0  is  not  a  function  of  current  gain  hpg 
and  the  base  punch-through  is  less  a  problem. 
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tor  has  high  performance,  such  as  hpg  of  100 
f ^  of  31MHg  and  BVce0  of  grater  than  300V, 
cventhough  much  Improved  results  can  be  expect¬ 
ed  by  furthur  optimization.  ' 


Figure  3  I-V  characteristic  of  H.V  npn 
transistor 

Horizontal  axis,  Vpj.,  50V/div; 

Vertical  axis,  Ic«  500pA/div; 

Base  current,  5pA/step 

Figure  4  shows  the  experimental  result  of 
hpg  v«.  collector  current  Ic.  The  device  has 
about  6500  f in?-  emitter  area  and  Lc  of  70  pm.  It 
is  expected  the  degradation  of  hpg  at  higher 
current  will  be  improved  by  optimizing  the  de¬ 
vice  design  and  process  parameters. 


Fiqure  4  Experimental  relationship  of  hpg 
vs.  Ic 

High  fj  is  obtained,  as  can  be  seen  from 
Fignre  5,  by  small  junction  area  with  no  degra¬ 
dation  of  breakdown  performance.  From  Fiqure  3-5, 
it  is  clear  that  the  fabricated  H.V  npn  transis¬ 


Fiqure  5  Experimental  results  of  fT  VS.  Ic 
4.  CONCLUSION 

A  new  H.V  npn  transistor  for  H.V  BiCMOS  IC 
has  been  developed.  The  main  feature  of  this 

H. V  BiCMOS  technology  is  full  compatibility 
with  a  conventional  VLSI  CMOS  process.  It  leads 
to  low  cost,  better  performance  and  high  flexi¬ 
bility  of  ASIC  designs.  As  advances  of  new  iso¬ 
lation  technologies,  for  example,  SOI  substrate 
produced  by  SDB  technique,  complementary  H.V 
npn  and  pnp  transistors  of  this  kind  can  be 
integrated  with  L.V  CMOS/bipolar  on  a  same 
chip. 

We  are  grateful  to  staff  of  MCNIT  for  their 
process  service  and  the  work  is  supported  by 
Chinese  Natural  Science  Foundation(6866011) 

REFERENCES 

I.  Tong,  Q-Y,"CM0S  Interfac  Technology  for 
VLSI  Systems",  International  Vacation  School 
on  VLSI  Fabrication,  Edinburgh,  U.K,  April, 
(1984) 


1061 


2.  Tong,  Q.-Y,  etal, "Process  and  Device  Design 
of  A  Fully  Compatible  300-Volt  CMOS  IC",  Jur- 
nal  of  Nanjing  Institute  of  Technology,  Vol.2, 
(1985) 

3 . Lasky , J.B,  etal , "Silicon-on-Insulator(SOI ) 

By  Bonding  and  Etch-Back",  Tech.  Dig.  of  IEDM, 


(1985),  684 

4.  Li  Hui,  etal,"Some  Material  Structure  Pro¬ 
perties  of  SOI  Substrate  Produced  by  SDB  Tech¬ 
nology",  INFOS '87,  Leuven,  Belgium,  April, (1987) 


1062 


Session  B4.3 


Ultra  Fast  Optoelectronics 

Chairman:  H.  Melchior 


Thursday,  September  17, 1987 


T 


LASER  DIODE  WITH  AN  INTEGRATED  GAIN/LOSS  MODULATOR  FOR  THE  GENERATION  OF  PICOSECOND 
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Lasers  with  an  integrated  modulation  section  have  been  used  to  generate 
ultra-short  actively  modelocked  optical  pulses  with  8  ps  duration  and 
powers  in  excess  of  400  mW.  The  pulses  are  of  smooth  shape  and  free  of 
substructures  and  bursts. 


! 

1 


1.  INTRODUCTION 

The  generation  of  ultrashort  light  pulses  by 
semiconductor  lasers  is  of  interest  for  various 
applications.  Mode  locking  techniques  -  active, 
passive  or  a  combination  of  both  -  have  been 
applied  to  diode  lasers  in  external  cavities  by 
several  groups  to  produce  repetitive  pico-  and 
even  subpicosecond  pulses  /!/.  In  many  cases, 
however,  the  analysis  reveals  bursts  of  indivi¬ 
dual  pulses  or,  in  the  case  of  single  pulses, 
pulse  shapes  that  suffer  from  noise  and  other 
instabilities.  Recently  subpicosecond  pulses  have 
been  obtained  from  passively  mode  locked  diode 
lasers  with  external  multiquantum  well  (MQW)  ab¬ 


sorber  but  with  an  additional  external  pulse 
compression  stage  /2/.  The  purpose  of  this  work 
is  the  realization  of  a  special  laser  diode  and 
its  implementation  in  a  compact  setup  for  the 
generation  of  ultrafast  repetitive  optical  pul¬ 
ses.  We  report  the  development  of  an  actively 
mode  locked  GaAs/AlGaAs  Transverse-Junction- 
Stripe  (TJS)  laser  with  an  integrated  gain  and 
loss  modulation  section.  The  laser  was  operated 
in  an  external  cavity  with  a  diffraction  grating. 
To  the  best  of  our  knowledge,  this  ir  the  first 
time  that  such  a  configuration  was  used  to  gene¬ 
rate  actively  mode  locked  repetitive  pulses  of 
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FIGURE  1 

Partial  cut-view  of  the  laser  diode  in  an  external  cavity  setup 
with  diffraction  grating. 


.  -  -M. 


M 


106$ 


smooth  shapes  with  durations  as  short  as  8  ps  and 
powers  in  excess  of  400  mW.  The  pulses  are  free 
from  bursts  and  substructures  due  to  spurious 
reflections.  An  additional  feature  is  the  enlar¬ 
ged  frequency  tuning  range  within  which  the  pul¬ 
ses  remain  short  and  free  of  distortion. 

2.  EXPERIMENTAL  SETUP  AND  DEVICE  FABRICATION 
The  mode-locking  setup  with  the  semiconductor 
laser,  the  modulator  and  the  external  cavity 
arrangement  is  shown  schematically  in  fig.  1. 

Both  the  laser  and  the  modulator  are  fully  inte¬ 
grated  transverse-junction  AlGaAs  heterostruc¬ 
tures.  These  planar  four  layer  heterostructures 
are  grown  by  LPE  on  semi  insulating  GaAs  substra¬ 
tes.  A  masked  double  Zn-diffusion  is  used  to  form 
the  lateral  p++-p+-n+  doping  profiles  of  the 
junction  and  index-guiding  structures  of  the  la¬ 
ser  and  the  modulator.  The  first  diffusion  step 
was  performed  at  700°C  for  two  hours  using  a 
specially  developed  homogeneously  sintered  and 
equilibrated  Zn3AS2  -  ZnAs2  -  GaAs  source  /3/. 

The  second  step  consisted  of  a  drive-in  diffusion 
carried  out  at  850°C  for  90  minutes  in  an  eva¬ 
cuated,  sealed  quartz  ampoule.  During  the  second 
diffusion  step  the  surface  of  the  chip  was  pro¬ 
tected  by  a  3000  thick  SiO  layer.  After  the 
chip  is  contacted  from  the  top  side  the  upermost 
GaAs  layer  is  etched  away  in  between  the  contacts, 
to  prevent  by-pass  currents  from  flowing  through 
the  otherwise  present  parasitic  p-n  junction. 

With  the  separate  diffusions  the  laser  section 
of  210  um  length  is  electrically  isolated  from 
the  30  um  long  modulator  section.  Both  sections 
are  optically  interconnected  by  an  integrated 
20  um  long  AlGaAs-waveguide  whose  coupling  ef¬ 
ficiency  is  estimated  to  be  better  than  95%. 

The  wafer  is  thinned  down  to  40  um  and  the  device 
is  mounted  junction-up  with  Indium  solder  onto 
a  type  I la  diamond  heat  sink.  To  minimize  the 
reflection  losses  the  laser  facet  facing  the 
external  cavity  is  antireflection  coated  with  a 
A/4  SiO  layer.  The  residual  reflectivity  of  this 
facet  is  estimated  from  the  visibility  fringes 
of  the  spectrum  to  be  lower  than  10  . 


3.  EXPERIMENTS 

For  mode  locking  the  laser  is  placed  into  a 
grating-terminated  external  cavity  with  a  length 
of  30  cm.  Light  emerging  from  the  laser  facet 
is  collimated  by  an  antireflection  coated  N.A. 

'v  0.6  lens  and  directed  onto  a  diffraction  gra¬ 
ting  with  1200  lines/mm  that  was  blazed  at  1  um. 
The  beam  diameter  perpendicular  to  the  lines  of 
the  grating  was  1  mm.  From  the  grating,  which  is 
tilted  by  32.6°  with  respect  to  the  beam  direc¬ 
tion,  the  light  is  reflected  and  coupled  back 
into  the  laser.  The  overall  coupling  efficien¬ 
cy  is  estimated  to  be  10%  or  higher.  In  opera¬ 
tion  the  laser,  whose  threshold  is  about  65  mA 
is  driven  by  a  dc  current  in  the  range  of  70- 
85  mA.  The  modulator  section  is  forward  driven 
from  a  comb  generator  that  is  connected  via  a 
50  Ohm  line.  The  electrical  pulses  flowing 
through  the  modulator  section  have  a  peak  value 
of  215  mA  and  a  FWHM  of  130  ps.  The  light  out¬ 
put  emerging  from  the  modulator  facet  is  used 
for  pulse  measurements,  autocorrelation  and 
spectral  analysis. 

The  autocorrelation  trace  of  the  periodic 
pulses  obtained  by  second  harmonic  generation 
(SHG)  in  a  Li J03  crystal  are  shown  in  fig.  2. 


TIME  DELAY  [psl 


FIGURE  2a)  Linear  plot  and  2b)  semi-log  plot  of 
the  autocorrelation  function  (ACF)  of  the  pulse 
intensity.  Note  the  exponential  dependence  over 
almost  three  decades.  The  symmetrical  shape  of 
the  ACF  is  confirmed  experimentally  whereas 
the  figure  shows  in  detail  only  the  part  for 
positive  time  delays. 
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For  these  measurements,  the  laser  was  prebiased 
to  a  dc  current  of  80  mA.  The  comb  generator  is 
adjusted  to  494.8  Wit,  the  frequency  for  opti¬ 
mally  short  optical  pulses.  A  somewhat  higher 
maximum  of  the  SHG  output  is  observed  for 
496.216  MHz.  As  can  be  seen  from  fig.  2a  the 
SHG  traces  are  smooth  and  show  the  3:1  peak  to 
background  ratio  expected  for  background  free 
pulses.  A  semilog  plot  (fig.  2b)  reveals  a  smooth 
and  precise  exponential  dependence  on  the  delay 
time  over  almost  three  decades  of  SHG-intensity. 
This  indicates  that  the  pulses  are  extremely 
stable  and  free  from  disturbances  due  to  spuri¬ 
ous  reflections  within  the  external  cavity. 
Assuming  the  individual  pulses  to  be  of  one-sided 
exponential  shape  /I .4/  on  determines  from  the 
FWHM  of  the  SHG  and  the  exponential  shape  of  the 
SHG  the  width  of  the  actual  pulses  to  be  as  short 
as  8  ps.  The  peak  power  of  these  pulses  was  432 
mW.  Fig.  3  shows  how  the  FWHM  of  the  autocorrela¬ 
tion  function  (ACF)  and  pulse  energy  depend  on 


LALtR  CURRENT  [mA] 

FIGURE  3 

FWHM  of  the  autocorrelation  function  (ACF)  and 
pulse  energy  v.s.  laser  dc  current. 

the  dc  current  through  the  gain  section.  At  lo¬ 
wer  laser  currents  the  pulse  energy  decreases 
and  the  pulses  become  wider.  Actually  the  shape 
of  the  ACF  is  not  as  perfectely  exponential  and 
smooth  as  shown  in  fig  2b.  The  laser  emission 
is  centered  at  8984  8  (see  fig.  4).  The  width  of 


the  spectrum  measured  under  the  operating  con¬ 
ditions  of  fig.  2  is  0.3  ±  0.04  nm  which  corres¬ 
ponds  to  110  ±  15  GHz.  The  resulting  time  band¬ 
width  product  of  0.9  is  about  eight  times  larger 


0.5nm/aV. 


ZU=O3±O04r™ 
4i>  =  110  GHz 


FIGURE  4 

Optical  spectrum  of  the  pulse  of  figure  2a). 

than  the  predictions  for  transform  limited 
pulses  /!/. 

The  repetition  rate  of  the  pulses  is  in  essence 
determined  by  the  length  of  the  external  cavity. 
It  was  about  496  MHz.  By  means  of  the  applied 
signal  the  repetition  frequency  can  be  tuned  ex¬ 
ternally.  The  tunability  without  adverse  effects  on 
pulse  shape  and  duration  was  about  ±  1  MHz.  This 
twin  section  laser  structure  thus  allows  rela¬ 
tive  tuning  ranges  that  are  one  to  two  orders 
of  magnitude  larger  than  usually  encountered  in 
ps  laser  setups  /5/. 

4.  CONCLUSIONS 

We  have  demonstrated  the  suitability  ofTJS- 
GaAs  lasers  with  electrically  isolated  gain  and 
modulator  sections  for  the  generation  of  stable 
picosecond  pulses  without  substructures  and 
bursts.  The  lasers  are  actively  mode  locked  in 
an  external  cavity  and  deliver  8  ps  pulses  of 
over  400  mW  at  898  nm  and  496  MHz.  In  practical 
applications  the  large  detunability  eases  the 
requirements  on  frequency  precision  of  the  mo¬ 
dulating  generator. 
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An  Indium  Tin  Oxide/GaAs  photodiode  has  been  demonstrated  with  -3dB  bandwidths  in  excess  of 
110  GHz  (~4  ps  FWHM).  This  device  exhibits  an  external  quantum  efficiency  of  >25% 
("0.2A/W)  at  820  nm  and  is  fundamentally  limited  by  the  active  layer  thickness.  The  device 
has  been  mounted  such  that  direct  measurements  of  bandwidth  could  be  made  using  external 
mixers  and  a  high-frequency  spectrum  analyser.  The  bandwidth  agrees  well  with  the 
Fourier  transform  of  a  theoretically  predicted  pulse  duration  of  4.2  ps  FWHM. 
Corroborative  data  obtained  using  the  optoelectronic  cross-correlation  technique  are  also 
presented. 


1.  INTRODUCTION 

A  fundamental  component  in  any  high 
frequency  optical  system  is  a  low  noise 
photodetector  with  sufficient  bandwidth  to  meet 
the  system  requirement.  In  recent  years,  with 
the  advent  of  short  pulse  lasers,  directly 
modulated  high  frequency  semiconductor  lasers, 
external  modulators  and  laser  heterodyne 
techniques,  there  exists  a  need  for  fast 
photodetectors  so  that  powerful  system  concepts 
can  be  realised. 

Oevices  such  as  radiation  damaged 
photoconductive  detectors  have  been 
demonstrated  with  response  times  in  the  order 
of  4  ps  [1].  However,  these  devices  are 
extremely  inefficient  normally  requiring  very 
high  optical  powers  to  achieve  usable 
electrical  signals.  A  different  approach  is 
the  use  of  a  vertical  geometry  detector  such  as 
a  p-i-n  or  Schottky  barrier  photodiode:  the 
latter  having  the  added  advantage  of  a  reduced 
minority  carrier  contribution  associated  with 
the  p-layer.  These  structures  enable  the 
absorption  layer  thickness  to  be  engineered  to 
obtain  the  optimum  compromise  between 
capacitive  and  carrier  transit  time  effects. 

It  has  been  demonstrated  [2]  that,  by  using 
a  thin,  semi-transparent  metal  to  form  a 
Schottky  barrier  photodiode,  bandwidths  in  the 


order  of  100  GHz  can  be  achieved.  These 
devices  unfortunately  suffer  from  relatively 
low  photosensitivities  due  to  the  limited 
transmission  property  of  the  metallic  layer.  A 
so"!ution  is  to  use  conducting  Indium  Tin  Oxide 
(ITO)  to  form  the  rectifying  contact  to  GaAs. 
It  has  been  shown  previously  [3]  that  this 
material  produces  diodes  of  excellent  quality 
capable  of  detecting  light  at  very  high 
frequencies  whilst  transmitting  the  majority  of 
the  incident  radiation. 

In  this  paper  we  report  the  fabrication  and 
assessment  of  devices  operating  beyond  110  GHz 
whilst  exhibiting  a  high  quantum  efficiency  of 
25X  for  820  nm  radiation.  We  believe  this  not 
only  to  be  the  fastest  photodiode,  but  that  it 
also  exhibits  the  highest  responsivlty 
-bandwidth  product  yet  reported.  In  addition, 
this  is  the  first  time  a  detection  bandwidth  of 
this  magnitude  has  been  measured  directly  and 
the  results  compared  with  optoelectronic 
correlation  data. 

2.  DEVICE  FABRICATION  AND  D.C.  CHARACTERISATION 

A  schematic  representation  of  the  device 
structure  is  shown  in  Figure  1.  It  consists  of 
a  0.45  pm  thick  n'absorblng  layer 
(Ng  ■  5  x  1015cm-3)  over  an  underlying  0.5  pm 
n+  (Ng  ■  3  x  10l8cm_3 )  buffer  layer  to  aid  in 


1069 


the  formation  of  a  low  resistance  ohmic 
contact.  The  GaAs  material  Is  grown  via  the 
Vapour  Phase  Epitaxy  technique  at  715*C  giving 
a  growth  rate  of  0.2  pm  m1n"l.  Oellniatlon  of 
the  device  structure  Is  achieved  by  a 
combination  of  wet  mesa  etching  and  proton 
damage.  Hence,  as  the  device  structure  Is 
grown  on  semi -Insulating  substrate  the 
parasitic  bonding  pad  capacitance  becomes 
negligible.  The  active  layer  Is  5  pm  x  5  urn, 
resulting  In  a  capacitance  of  <10  pF. 

The  ITO  layer  thickness  is  chosen  to  exploit 
the  dielectric  properties  of  the  material.  The 
refractive  index  of  the  deposited  layers  is  “2 
making  it  an  ideal  anti  reflect ion  coating  to 
GaAs.  Hence,  a  100  nm  layer  is  deposited  of 
composition  Ino.9Sno.1O  by  R.F.  sputtering  from 
an  ITO  target. 

Top  contact  I.T.O. 

Jzftnr&*A 


ftfrioii r  rnninri 


Undamaged  active  material 

SIS. 

Figure  1:  Schematic  section  through  the  device 


A  D.C.  electrical  characterisation  of  the 
structures  was  carried  out  using  both 
current/voltage  and  capacitance/voltage 
techniques.  The  barrier  heights  and  ideality 
factors  of  typical  ITO/GaAs  diodes  are 
(0.85  i  0.05)eV  and  (1.05  i  0.05)  respectively. 
ITO  Is  a  wide  bandgap  semiconductor  with  a 
bandgap  Eg  greater  than  3.75  eV  with  Its 
conductivity  arising  from  n-type  behaviour.  In 
terms  of  electrical  properties,  therefore,  the 
material  may  be  regarded  as  being  degenerately 
doped  whereby  It  exhibits  semlmetalllc 
characteristics  and  a  Schottky  barrier  Is  thus 
formed.  The  reverse  leakage  currents  are 
typically  <5  nA  and  sub-nanoamp  values  have 
been  measured  for  a  bias  voltage  of  -5V.  At 
their  normal  operating  voltage  of  -3V  the 
devices  have  a  measured  quantum  efficiency 


as  high  as  25%  (0.2  A/W)  at  820  nm  which  is 
limited  by  the  active  layer  thickness. 

3.  DEVICE  AND  PACKAGE  DESIGN 

A  theoretical  design  model  has  been 
developed  which  simulates  both  the  inherent 
device  response  and  the  perturbation  Imposed  by 
the  external  circuit.  The  carrier  dynamics  are 
modelled  by  solving  Poisson's  equation  for  the 
charge  density  inside  the  device  with 
appropriate  injection  and  boundary  conditions 
associated  with  the  applied  bias  and  the 
Inherent  barrier  height.  This  then  gives  the 
localised  electric  field  which  will  cause 
carrier  flow  and  hence  current.  The  new  charge 
distribution  is  then  calculated  using  the 
continuity  equation.  Having  obtained  this 
response  the  SPICE  equivalent  circuit  routine 
is  used  to  model  the  effects  of  capacitance  and 
inductance.  A  simulation  for  the  5  nm  x  5  pm 
square  device  is  shown  in  Figure  2.  The  series 
package  inductance  used  was  100  pH.  The  FWHM 
of  this  pulse  is  4.2  ps. 


Figure  2:  Theoretically  predicted  impulse 
response  showing  FWHM  of  4.2  ps 

This  100  pH  inductance  is  incorporated  into 
the  package  design  which  is  critical.  The 
device  is  mounted  on  a  quartz  substrate, 
microstrip  submount.  The  bias  is  applied  to 
the  device  via  a  hybrid  integrated  bias 
network.  This  consisted  of  a  high  R.F. 
impedance  line  of  n\/4  filtering  length.  The 
D.C.  return  path  for  the  bias  is  via  the 
waveguide  casing. 

The  signal  is  transferred  into  an 
appropriate  gauge  waveguide  for  the  frequency 
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band  of  Interest  by  a  suitably  designed 
mlllimetrlc  transition.  Such  a  transition 
routinely  demonstrates  an  insertion  loss  of 
0.4  dB  and  a  return  loss  of  >  20  dB  over  the 
75*110  GHz  frequency  band  when  referred  to  a 
calllbrated  signal  source. 

4.  HIGH  FREQUENCY  OPTICAL  ASSESSMENT 

Once  mounted  In  the  package  described  above 
the  bandwidth  of  the  detector  can  be  assessed. 
The  output  is  directly  fed  Into  a 
pre-calibrated,  waveguide  mounted  mixer  diode 
which  uses  the  amplified  local  oscillator 
signal  from  a  HP  spectrum  analyser  as  a 
reference  signal  for  the  mixer.  The  analyser 
Is  then  able  to  display  the  amplitude  of  the 
detector  output  against  frequency. 

The  optical  source  used  was  an  argon-pumped, 
colliding  pulse  mode-locked  dye  laser. 
Incorporated  into  this  passively  mode-locked 
C.W.  ring  configurat ion  is  an  intracavity 
sequence  of  four  Brewster-angled  prisms  which 
compensate  for  group  velocity  dispersion 
effects  allowing  stable  femtosecond  pulses 
stable  femtosecond  pulses  to  be  established. 
The  laser  routinely  demonstrates  a  pulse 
duration  of  <50  fsec  at  a  repetition  rate  of 
100  MHz  and  at  an  operating  wavelength  of 
630  nm. 

The  Fourier  Transform  of  such  a  chain  of 
pulses  has  an  amplitude  envelope  which  is  the 
transform  of  one  Individual  pulse.  Within  this 
exists  a  comb  of  real  components  which  are 
spaced  by  the  cavity  frequency.  In  this  case 
this  will  be  -3d8  flat  to  over  1  THz  and  hence 
any  observed  roll  off  will  be  associated  purely 
with  the  detector  under  test  after  the  data  is 
normalised  to  the  microwave  test  system. 
Hence,  this  measurement  technique  is  absolute 
In  the  result  obtained  and  it  is  simple  to 
extract  the  data.  This  Is  not  the  case  In  some 
correlation  measurements,  such  as  that 
described  below,  where  the  calculated  response 
depends  upon  the  assumed  pulse  shape  or  In  the 
more  elaborate  electro-optic  sampling  methods 


Involving  a  Pockel's  cell  for  example. 

The  measured  response  characteristic  In  the 
75-110  GHz  band  for  an  applied  reverse  bias  of 
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Figure  3:  Frequency  response  of  detector 
showing  experimental  data  (crosses)  and 
theoretically  predicted  characteristic  (solid 
line). [The  theoretical  fit  Is  the  FFT  of  Figure 
23. 

-3V  is  shown  In  Figure  3  along  with  a 
theoretical  fit  which  is  the  Fast  Fourier 
Transform  of  the  impulse  shown  in  Figure  2. 
The  response  is  flat  in  the  region  0-75  GHz 
within  ±1  dB.  It  is  clear  from  this  data  that 
there  Is  excellent  agreement  between  theory  and 
experiment,  and  that  the  -3  dB  bandwidth  is 
around  115  GHz  which  is  extrapolated  from  the 
available  data.  This  close  agreement  would 
imply  that  the  FWHM  impulse  Is  approximately 
4  ps. 

5.  CORRELATION  MEASUREMENTS 

The  use  of  an  optoelectronic  correlation 
system  In  the  assessment  of  high  speed 
detectors  was  first  demonstrated  by  Auston  and 
Smith  [4],  Either  two  fast  photoconductlve 
sampling  gates  are  used  to  obtain  an 
autocorrelation  or  one  gate  Is  used  to  sample 
the  response  from  a  photodiode  In  a 
cross-correlation.  To  determine  the  response 
time  of  the  ITO/GaAs  photodiode  a  correlation 
circuit  response  was  constructed  from  50  Q 
track  on  a  quartz  substrate  to  limit 
dispersion.  In  this  experiment  higher  powers 
were  required  and  hence,  a  synchronously  pumped 
dye  laser  was  used  with  a  frequency  doubled 
C.W.  mode-locked  Nd:Yag  laser  as  the  pump 
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Figure  4:  Experimental  arrangement  for 
correlation  measurements 


source.  This  laser  produced  3  ps  pulses  with 
an  average  power  of  100  nti  at  620  nm  at  a 
repetition  rate  of  82  MHz.  The  overall 
experimental  arrangement  is  shown  in  Figure  4. 

Initially,  two  proton  damaged  GaAs 
photoconductors  were  used.  The  damage  dose  was 
1014  at  an  energy  of  180  keV  and  is  introduced 
into  the  sample  to  reduce  the  free  carrier 
recombination  time.  The  correlation  function 
is  shown  in  Figure  5(a).  Reversal  of  the 
sample  and  signal  beams  yields  a  circuit 
element  response  in  the  order  of  1  ps.  If, 
Gaussian  pulses  are  assumed,  analysis  of  the 
response  results  In  a  sampling  aperture  of 
4.5  ps.  This  value  is  suspect  as  the 
functions  are  not  purely  Gaussian.  The 
measurement  of  the  device  under  test  actually 
perturbs  the  system,  as  in  an  electrical 
correlation  the  two  pulses  are  not  Isolated. 
Hence,  the  function  is  not  a  true 
auto-correlation  and  as  a  result  the  Gaussian 
approximation  Is  made  in  the  absence  of  the 
real  pulse  functions. 

Figure  5(b)  shows  the  correlation  between 
the  switch  and  a  5  pm  x  5  pm  ITO  photodiode,  a 
similar  analysis  yielding  a  FWHM  response  time 
of  4.3  ±  2  ps  for  the  photodiode  where  the 
error  In  this  result  is  an  estimated  order  of 
the  data  reliability  from  the  approximation 
used.  This  value  Is  very  close  to  that 
previously  discussed  and  acts  as  a  confirmation 
of  the  response.  It  is  felt,  however,  that  the 
directly  measured  bandwidth  Is  more  reliable 


GaAs  gates  and  (b)  a  5  pm  x  5  pm  ITO/GaAs 
photodiode  with  a  GaAs  sampling  gate. 

and  that  the  extremely  close  agreement  is 
perhaps  fortuitous. 

6.  CONCLUSIONS 

A  5  pm  x  5  pm  photodiode  has  been  designed, 
fabricated  and  assessed.  The  device  exhibits  a 
high  quantum  efficiency  of  25*  (0.2  A/W )  at 
820  nm  due  to  the  use  of  transparent  layer  of 
Indium  Tin  Oxide  to  form  the  rectifying 
contact.  The  -3  dB  bandwidth  has  been  directly 
measured  to  be  greater  than  110  GHz  ("4  psec 
FWHM)  which  Is  in  good  agreement  with  a 
theoretical  prediction  and  conventional 
correlation  data. 
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The  feasibility  of  using  InPrFe  photoconductive  devices  as  high-speed  microwave 
switches  has  been  demonstrated  in  the  0.01  -10  GHz  frequency  range,  by  fabrica¬ 
ting  a  fiber  optic  compatible  modified  interdigitated  gap  (MIG)  structure.  Rise 
and  fall  times  of  less  than  100  ps  have  been  measured  and  a  power  switching  ratio 
(PSWR)  of  13  dB  at  10  GHz  has  been  achieved  when  illuminating  the  device  with 
10  mW  of  effective  optical  power  (CW)  from  a  semiconductor  laser  with  a  fiber 
pigtail . 


1.  INTRODUCTION 

Photoconductive  devices  have  gained  much 
attention  for  high-speed  switching  of  d.c.  or 
r.f.  signals  up  to  the  gigahertz  range  [1-6]. 
This  is  Jue  to  their  picosecond  response  times, 
high  power  handling  capability,  simplicity  of 
operation  and  inherently  near-perfect  isolation 
of  electrical  and  optical  signals.  The  introduc¬ 
tion  of  these  optoelectronic  devices  in  micro- 
wave  systems  may  lead  to  new  applications  where 
high-speed,  low  weight,  and  low  cost  are  of 
outmost  importance  e.g.  future  airborne  radars. 

Since  the  speed  is  mainly  limited  by  the 
lifetime  of  the  photo-induced  carriers,  the 
choice  of  semiconductor  material  is  crucial. 
Methods  for  short  pulse  generation  in  materials 
with  long  lifetimes  (e.g.  i-Si)  have  been  de¬ 
monstrated  [1-3],  but  these  techniques  suffer 
from  limited  repetition  rate  and  the  need  for 
two  mutually  delayed  optical  pulses.  Devices 
made  from  materials  with  short  carrier  life¬ 
times  such  as  GaAs:Cr  and  InP:Fe,  do  not  need 
two  optical  pulses  since  they  turn  off  automa¬ 
tically  because  of  picosecond  lifetimes  [4-5]. 
Both  these  materials  are  capable  of  high-speed 
operation.  However,  since  higher  conductance 
values  have  been  obtained  in  InP:Fe  [5],  this 
material  is  more  promising  for  high-speed  opto¬ 
electronic  switching  of  microwave  signals. 


We  report  on  an  investigation  of  InP:Fe 
photoconductive  devices  as  high-speed  switches 
in  the  0.01  -  ID  GHz  frequency  range.  A  model 
for  analyzing  the  microwave  performance  is 
presented.  In  contrast  to  other  reported  opto¬ 
electronic  microwave  switches  [2-3],  we  have 
been  using  a  novel  device  structure.  The  struc¬ 
ture,  which  we  call  the  modified  interdigitated 
gap  (MIG)  structure,  is  compatible  with  fiber 
optic  illumination  and  will  improve  the  device 
characteristics  at  high  frequencies. 

2.  MICROWAVE  ANALYSIS 

Figure  la  is  a  schematic  presentation  of  the 
frequently  used  single  gap  (SG)  microstrip 
structure  and  Fig.  1b  is  a  top  view  illustra¬ 
tion  of  the  modified  interdigitated  gap  (MIG) 
microstrip  structure  which  we  have  used.  The 
microwave  performance  can  be  analyzed  by  using 
the  lumped  element  tt  equivalent  circuit  shown 
in  Fig.  2,  as  a  Ist-order  approximation  for 
frequencies  up  to  10  GHz  [2,6].  The  active 
region  is  modelled  by  gap  and  shunt  conduct¬ 
ances/capacitances  (Gg,  G$,  Cg,  and  C£) ,  where 
the  conductances  depend  on  both  the  optical 
intensity  and  wavelength.  Furthermore,  the 
narrow  microstrip  lines  and  the  bonding  wires 
(if  used)  are  represented  by  inductances  (L 
and  Lg,  respectively),  and  the  outer  gap  by 
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capacitances  (CgQ  and  C$()).  In  the  case  of  $G 
devices  the  model  reduces  to  that  of  the  active 
region  representation. 


a) 


INPUT 
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Microstrip 
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FIGURE  1 

a)  Schematic  presentation  of  a  single  gap  (SG) 
microstrip  structure. 

b)  Top  view  illustration  of  the  modified  inter- 
digitated  gap  (MIG)  microstrip  structure. 


FIGURE  2 

Equivalent  k  circuit  model  for  analysis. 

Referring  to  the  model ,  the  microwave  trans¬ 
mission  can  be  calculated  from  the  transmission 
S-parameter  S21  ‘  The  analytic  expression  of  S2} 
in  the  general  case  (MIG)  Is  quite  complex. 
However,  the  basic  characteristics  can  be  seen 
from  the  expression  for  a  SG  device.  The  micro- 
wave  power  transmission  coefficient  for  a  SG 


device  Is  given  by  (matched  conditions,  L„ « 0) 


IS, 


21' 


220(yjS) 


(D 


II  *20  ( Gs+ jwCs  ) )  t  HZ0  { 2Gg+Gs+ jw(  2Cg+Cs ) )  ] 

where  ZQ  Is  the  characteristic  impedance. 

It  Is  clear,  from  this  expression,  that  the 
shunt  elements  will  degrade  the  transmission 
characteristics.  By  using  proper  laser  wave¬ 
lengths,  yielding  a  very  thin  photoexcited 
surface  layer,  the  shunt  conductances  will  be 
negligible  small  [6].  Moreover,  the  shunt  ca¬ 
pacitances  can  be  minimized  by  keeping  the  gap 
length  small  compared  with  the  thickness  of 
the  substrate  (7).  Thus,  the  shunt  elements 
can  generally  be  neglected. 

One  of  the  most  important  parameters  when 
using  these  devices  as  microwave  switches  is 
the  power  switching  ratio  (on/off),  which  will 
oe  (SG  device) 


PSWR 


*S21 *  2on 


IS 


21 1 


off 


(2) 


=  1 2Z°(G°n^v  |2/[  zywj-v  ,« 

1+2Zo(Gon+ju£g)  1+2Zo(6off+jwCg) 
where  GQn  and  Goff  are  the  gap  conductance  in 
the  illuminated  and  non-illuminated  state, 
respectively. 

Figure  3  shows  the  calculated  power  switch¬ 
ing  ratio  versus  frequency  using  some  typical 
values  for  a  SG  device.  It  is  clearly  shown, 
that  the  main  limiting  factor  at  high  frequen¬ 
cies  is  the  gap  capacitance.  Consequently,  in 
order  to  improve  the  PSWR,  the  gap  capacitance 
must  be  reduced.  This  can  be  accomplished  by 
using  the  MIS  structure,  as  will  be  shown  in 
the  experimental  results  and  discussions  sec¬ 
tion.  At  low  frequencies  the  PSWR  is  set  by  the 
ratio  of  Gon  and  GQ^.  High-resistivity  mate¬ 
rials  such  as  InP:Fe  will  ensure  low  values  of 

6off. 
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FIGURE  3 

Calculated  power  switching  ratio  (PSUR)  versus 
frequency  fora  SG  dev  ice  (ZQ  =  50  ft,  GQ^  ) . 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

Photoconductive  switches  were  fabricated  on 
400  pm  thick  slices  of  InP:Fe  by  conventional 
vacuum  evaporation  of  contact  material  (Sn/Au) 
and  lift-off  techniques.  For  comparison  purpose, 
both  single  gap  (SG)  and  modified  interdigita- 
ted  gap  (MIG)  devices  were  made.  The  width  of 
the  microstrip  lines  (broad  section  on  the  MIG) 
was  designed  to  maintain  the  50  n  geometry 
(300  urn).  The  electrode  spacing  (gap)  was  4  pm, 
the  interdigital  electrode  lines  were  4  pm  wide 
and  44  pm  long  (MIG).  The  overall  active  region 
for  the  MIG  devices  was  60  x44  pm2,  and  the 
outer  gap  was  200  pm.  The  slices  were  cut  into 
individual  devices  (1x1  mm2)  and  mounted,  (bon¬ 
ded)  in  a  high-speed  microstrip  line  test  package. 

The  rise  and  fall  times  were  measured  by  op¬ 
erating  the  devices  as  photoconductive  detectors 
(1,4,5).  A  directlymodulated  GaAlAs  semiconduc¬ 
tor  laser  producing  optical  pulses  90  ps  wide 
(FWHM)  was  used  for  illumination.  The  electrical 
output  shown  in  Fig. 4,  was  monitored  by  a  Tektro¬ 
nix  sampling  oscilloscope  ( tr<25 ps) .  As  can  be 
seen  in  Fig.  4,  the  width  of  the  electrical  out¬ 
put  is  close  to  90  ps  (FWHM),  indicating  rise  and 
fall  times  of  less  than  100  ps.  The  ringing  is 
mainly  caused  by  the  microstrip  test  mount. 


FIGURE  4 

Measured  pulse  response  from  an  InP:Fe  switch. 


The  microwave  performance  was  investigated  in 
the  0.01  -  10  GHz  range  by  measuring  the  power 
switching  ratio  (PSWR)  using  a  tracking  genera¬ 
tor  and  a  spectrum  analyzer.  A  high-power  GaAlAs 
laser,  with  a  fiber  pigtail  (100  pm  core)  andCW- 
operated  at  50  mW,  was  used  for  illumination. 

The  fiber  output  was  imaged  on  the  active  regions 
in  a  1:1  scale  by  lenses.  Figure  5  shows  the 
measured  power  switching  ratio  for  a  MIG  and  a 
SG  device.  The  corresponding  theoretical  curves 
have  been  calculated  from  the  model  in  Fig.  2, 
using  the  data  in  Table  1.  The  good  agreement 
between  measured  and  calculated  data  implies 
that  the  model  describes  the  performance  well. 
The  PSWR  at  10  GHz  for  the  MIG  device  was  measu¬ 
red  to  be  13dB,  while  no  PSWR  could  be  observed 
for  the  SG  device,  which  clearly  shows  the  ad¬ 
vantages  of  the  MIG  structure.  The  difference  in 
the  PSWR  at  low  frequencies  is  attributed  to  the 
different  sizes  in  active  regions  (areas).  The 
illumination  efficiency  (AactiVe^Afiber^  is  about 
20%  for  the  MIG  device  and  about  5%  for  the  SG 
device,  corresponding  to  an  effective  optical 
power  of  10  mW  and  2,5  mW,  respectively. 


TABLE  1 .  Device  data 


Jevice 

Gon 

(?) 

(PS) 

V 

[f  ] 

V 

IfF) 

cg° 

[  f  F  ] 

[fF] 

T— 

[nH] 

lb 

[nH] 

NIG 

5 

10 

3 

.1 

5 

.9 

.2 

.5 

5G 

1.3 

10 

30 

.01 

- 

- 

- 

.5 

GQn  and  GQ^  are  estimated  from  dc  measurements. 
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FIGURE  5 

Measured  and  calculated  power  switching  ratio 
(PSWR)  versus  frequency  for  a  MIG  and  a  SG 
device  (ZQ  =  50  SI). 

These  results  indicate  that  the  modified 
interdigitated  gap  structure  can  be  used  as  a 
high-speed  microwave  switch,  for  frequencies  up 
to  at  least  10  GHz.  By  optimizing  the  device 
structure  it  would  be  possible  to  improve  the 
power  switching  ratio  at  least  by  an  order  of 
magnitude  and  possibly  extend  the  frequency 
range  to  20  GHz. 

4.  CONCLUSIONS 

The  feasibility  of  using  InP:Fe  photoconduc- 
tive  devices  as  high-speed  microwave  switches 
has  been  demonstrated  in  the  0.01  -  10  GHz  fre¬ 
quency  range.  The  results  show  that  the  fiber 
optic  compatible  modified  interdigitated  gap  (MIG) 
structure  is  advantageous  when  compared  with  the 


common  single  gap  (SG)  structure.  Experimental 
data  for  the  initially  fabricated  MIG  devices 
indicate  rise  and  fall  times  of  less  than  lOOps 
(limited  by  the  optical  pulse).  Power  switching 
ratios  (PSWR)  as  high  as  13  dB  at  10  GHz  has 
been  measured  when  CW-illuminating  the  device 
with  10  mW  of  effective  optical  power  from  a 
laser  with  a  fiber  pigtail. 
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Silicon  avalanche  photodiodes,  designed  to  operate  at  bias  higher  than  the  breakdown 
voltage,  have  been  fabricated  in  a  p  epitaxial  layer  over  a  p++  substrate.  The  device 
structure  was  designed  to  obtain  ultrafast  detection  of  single  optical  photons,  as 
required  in  applications  such  as  optical  fiber  testing,  laser  ranging,  etc..  Experi¬ 
ments  demonstrate  a  tine  resolution  having  45  picoseconds  full-width  at  half  maximum 
and  carrier  diffusion  effects  remarkably  lower  than  previous  non-epitaxial  devices. 


1.  INTRODUCTION 

Ultrafast  detection  of  single  optical  photons 
can  be  obtained  by  means  of  p-n  junction  devices 
operating  in  the  triggered  avalanche  mode  11-91. 
Uniform  breakdown  characteristics  over  all  the 
active  area  are  obtained  with  a  suitable  device 
geometry  and  a  careful  fabrication  process.  The 
junction  can  be  biased  above  the  breakdown 
voltage  and  a  single  photogenerated  carrier  can 
trigger  a  self-sustaining  avalanche  current, 
terminated  by  a  quenching  arrangement.  By  using 
active- quenching  circuits  [7,81  the  devices  are 
operated  in  accurately  controlled  conditions  and 
with  short  deadtime.  Remarkable  performance  is 
thus  achieved  in  working  conditions  suitable  for 
various  applications,  such  as  optical  fiber 
testing,  laser  ranging,  fluorescent  decay  mea¬ 
surements,  etc.  19,101.  These  devices,  called 
single-photon  avalanche  diodes  SPADs,  are  a 
solid-state  alternative  to  photomultiplier  tubes 


FIGURE  1 

Schematic  crocs  section  of  the  previous  SPAD 
devices  (dimensions  in  microns) . 


providing  wider  spectral  sensitivity  range, 
higher  resolution  in  the  measurement  of  the 
photon  arrival  time,  low  detector  noise.  They 
are  therefore  particularly  suitable  detectors 
for  the  time-correlated  single-photon  counting 
technique  [111.  Physical  phenomena  in  the  detec¬ 
tor  set  limits  to  the  time  resolution  and  inter¬ 
esting  problems  of  semiconductor  device  research 
have  to  be  dealt  with  in  order  to  improve  it. 

2.  CARRIER  DIFFUSION  AND  TIME  RESOLUTION 

The  structure  of  the  previously  implemented 
SPAD  devices  17-9)  is  sketched  in  Figure  1.  A 
deep  diffused  n"  guard  ring  surrounds  the  shal¬ 
low  (0.3  pm)  n+  layer  of  the  active  junction. The 
ring  diffusion  avoids  edge  breakdown  and  pro¬ 
vides  a  getter ing  action  for  the  active  junction 
region.  The  breakdown  voltage  V),  is  about  28  V 
for  devices  fabricated  in  0.6  Ohm  cm  p  wafers. 

The  time  resolution  curve  of  a  single-photon 
detector  is  given  by  the  statistical  distribu¬ 
tion  of  the  delay  from  the  photon  arrival  tine 
to  the  detection  time  (11),  It  can  be  experimen¬ 
tally  measured  in  a  tine-correlated  single¬ 
photon  counting  set-up  by  using  a  source  of 
ultrafast  optical  pulses.  In  our  tests,  gain- 
switched  diode  lasers  (121  were  used  to  generate 
pulses  at  wavelengths  ranging  from  785  to  904nm. 
The  resolution  curve  of  the  device  in  Figure  2 
exhibits  two  components:  a  fast  peak  and  a  slow 
tail,  having  intensity  and  shape  dependent  on 
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the  photon  wavelength.  An  example  of  experimen¬ 
tal  test  is  shown  in  Figure  2.  The  peak  is  due 
to  photons  absorbed  in  the  depletion  layer;  full 
widths  at  half  maximum  (FWHM)  values  down  to  60 
ps  have  been  reported  by  two  of  us  t7-91.  The 
tail  is  due  to  carriers  that  are  photogenerated 
in  the  neutral  region  beneath  the  junction  and 
reach  the  depletion  layer  by  diffusion.  The 
wavelength  dependence  of  the  tail,  which  follows 
froa  the  variation  of  the  optical  absorption 
coefficient,  introduces  a  further  complication 
in  high  resolution  measurements.  In  fact,  if  the 
resolution  function  is  accurately  known,  the 
shape  of  ultrafast  optical  signals  can  be  ob¬ 
tained  by  deconvolution  from  the  experimental 
data.  However,  in  order  to  know  the  actual  reso¬ 
lution  function,  it  is  necessary  to  measure, with 
good  accuracy, the  spectrum  of  the  detected  light 
and  the  resolution  curves  at  the  various  wave¬ 
lengths  involved.  This  is  a  very  complicate  pro¬ 
cedure,  in  practice  not  affordable  in  many  cases. 
The  design  of  new  devices  with  improved  perfor¬ 
mance  appears  to  be  a  more  interesting  and  ef¬ 
fective  approach, since  the  diffusion  effects  are 
strongly  dependent  on  the  device  geometry  110] . 

3.  SPAD  DEVICE  IN  P  EPILAYER  OVER  P++  SUBSTRATE 
New  SPAD  devices  were  designed  with  the 
principal  aim  of  improving  the  time  resolution, 
that  is,  of  reducing  the  weight  of  the  diffusion 
tails  and  the  width  of  the  fast  peak.  A  simple 
approach  is  to  design  a  device  structure  in  a  p 
epitaxial  layer  over  a  p++  substrate,  as^ shown 
in  Figure  3.  The  basic  idea  is  to  have  a) long 
carrier  lifetime  in  the  active  region,  as  re¬ 
quired  for  having  a  low  thermal  generation  rate 
of  carriers,  and  b) short  lifetime  in  the  sub¬ 
strate,  in  order  to  reduce  the  probability  that 
photogenerated  carriers  diffuse  out  of  it.  A 
quantitative  analysis  of  the  time-dependent 
diffusion  effects  in  the  epitaxial  device  geome¬ 
try  was  carried  out  by  means  of  a  Montecarlo 
simulation  program,  previously  developed  by  two 
of  us  110).  The  computations  showed  that  for  an 
eplstrate  thickness  of  12  ym  and  a  junction 


FIGURE  2 

Resolution  test  on  the  previous  SPAD  device  with 
laser  pulses  at  330  nm.  The  long  time  scale  and 
the  log  vertical  scale  set  in  evidence  the  dif¬ 
fusion  tail  and  compress  the  fast  peak  to  a  sin¬ 
gle  point  in  the  time  origin  with  6.1  105  counts. 


geometry  similar  to  the  previous  devices,  a 
remarkable  reduction  of  diffusion  effects  had  to 
be  expected  provided  that  the  substrate  lifetime 
is  sufficiently  short,  less  than  100  ns.  A  15 
milliOhacm  substrate  1121  was  hence  adopted. 
Experiments  on  the  previous  devices  had  shown 
that  the  width  of  the  fast  peak  is  reduced  as 
the  value  of  the  maximum  electric  field  is 
increased  (9),  denoting  that  the  fluctuations  in 
the  avalanche  build-up  tine  decrease  as  the 
electric  field  is  increased.  The  new  devices 
were  therefore  designed  to  attain  higher  values 
of  the  maximum  field,  up  to  550  kV/cm.  A  6  Ohncn 
epistrate  was  adopted;  a  boron  ion  implantation 
was  used  to  increase  the  doping  level  in  the 
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FIGURE  3 

Schematic  cross  section  of  the  SPAD  device 
structure  fabricated  in  a  p  epitaxial  layer  over 
a  p++  substrate  (dimensions  in  microns) . 
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active  junction,  correspondingly  increasing  the 
electric  field  at  breakdown  and  lowering  the 
breakdown  voltage  to  about  IS  V.  The  guard  ring 
was  designed  to  have  such  higher  breakdown 
voltage,  about  50  V,  in  order  to  aake  possible 
the  operation  of  the  active  junction  with  high 
excess  bias  above  the  breakdown  level.  The 
devices  were  fabricated  by  a  planar  process  in 
the  laboratories  of  LAMEL-CNR,  Bologna. 

4.  TESTS  ON  EPITAXIAL  DEVICES  AND  CONCLUSIONS 
The  experinental  tests  confira  that  the  new 
devices  provide  a  remarkably  inproved  tine 
resolution.  Figure  4  shows  the  result  of  a  test 
performed  with  a  very  fast  diode  laser  The 


Tima  (pa) 

FIGURE  4 

Resolution  test  on  the  p-p++  epitaxial  SPAD, 
performed  at  785  nn  with  a  laser  diode,  produc¬ 
ing  a  main  pulse  of  about  40  ps  duration  follow¬ 
ed  by  a  small  secondary  pulse  after  180  ps. 

optical  pulse  width  is  specified  to  be  about 
40  ps,  so  that  the  FWHM  resolution  of  the  SPAD 
nay  be  estimated  to  be  45ps  or  less.  The  depen¬ 
dence  of  the  FWHM  resolution  of  the  new  devices 
on  the  excess  bias  above  the  breakdown  voltage 
was  also  measured.  The  results,  reported  in 
Figure  5,  show  that  the  behaviour  is  similar  to 
that  already  observed  for  the  previous  non- 
epitaxial  devices  (91.  As  illustrated  in  Figure 
6,  the  experiments  also  showed  that  a  remarkable 
reduction  of  the  diffusion  tail  is  obtained,  in 
close  agreement  with  the  results  of  the  Monte- 
carlo  simulation. 


0.1  1 

V-Vb  (Volt) 


FIGURE  5 

Dependence  of  the  FWHM  resolution  of  the  p-p44 
epitaxial  SPAD  device  on  the  applied  excess  bias 
above  the  breakdown  level. 
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FIGURE  6 

Resolution  test  on  the  p-p44  epitaxial  SPAD 
device.  The  drawing  scales  and  the  experimental 
conditions  are  the  same  as  in  Figure  2;  the  fast 
peak  in  the  time  origin  has  6.3  105  counts. 

A  natural  question  concerns  the  possibility 
of  achieving  further  improvements  in  the  time 
resolution.  The  situation  in  different  for  the 
fast  peak  and  for  the  diffusion  tail  in  the 
resolution  function.  The  fast  peak  is  dominated 
by  the  statistical  physics  of  the  avalanche 
build-up  in  the  device;  in  fact,  the  other 
possible  causes  of  time  dispersion  bring  negli- 


gible  contributions.  The  carrier  transit  time 
dispersion  is  negligible,  since  the  active 
junction  depletion  layer  width  is  less  than  one 
■icron;  the  trivial  circuit  jitter  contribution 
was  always  verified  to  be  quite  smaller  than  the 
measured  FWHM.  Therefore,  in  order  to  ascertain 
how  and  to  what  extent  the  tine  resolution  of 
tne  device  can  further  be  improved,  a  deeper  and 
■ore  detailed  insight  has  to  be  gained  in  the 
statistical  aspects  of  the  avalanche  build-up. 
Notwithstanding  the  remarkable  amount  of  work  on 
the  avalanche  statistics  reported  in  the  litera¬ 
ture,  this  point  deserves  further  attention, 
since  it  radically  differs  from  other  aspects 
that  have  found  a  satisfactory  interpretation. 
In  fact,  the  dependence  on  the  electric  field  of 
the  build-up  time  fluctuations  is  just  opposite 
to  the  well  known  dependence  of  the  multiplica¬ 
tion  noise  in  the  amplifying  mode,  at  bias  lower 
than  the  breakdot  n  voltage . 

As  concerns  the  diffusion  tail,  the  physics 
of  the  effect  is  well  understood  and  accurate 
computer  simulation  of  different  device  struc¬ 
tures  can  be  obtained.  With  the  epitaxial  device 
structure  here  described,  a  further  reduction  of 
the  diffusion  tail  implies  using  a  p  epitaxial 
layer  with  reduced  thickness  and  a  p++  substrate 
with  shorter  lifetime.  However,  a  limit  to  the 
reduction  of  the  epistrate  thickness  is  set  by 
the  depth  of  the  depletion  layer  of  the  n~  guard 
ring,  necessary  to  obtain  there  a  high  breakdown 
voltage.  The  use  of  higher  substrate  doping  does 
not  appear  to  be  advisable.  In  fact,  the  epi¬ 
taxial  devices  are  found  to  have  dark  counting 
rates  of  at  least  a  few  kHz,  that  is,  signifi¬ 
cantly  higher  values  than  the  previous  non- 
epitaxial  SPADs.  This  denotes  that  the  lifetime 
in  the  active  region  of  the  new  devices  is 
shorter,  and  a  substrate  with  higher  doping  is 
expected  to  introduce  higher  degradation  in  the 
epitaxial  layer  grown  over  it .  It  may  be  con¬ 
cluded  that  the  further  improvement  obtainable 
with  the  p-p++  epitaxial  device  structure  is 
quite  limited.  Other  device  structures  should 
therefore  be  investigated,  in  order  to  pursue  a 


more  drastic  reduction  of  the  tailing  effect  in 
the  time  resolution.  Work  is  in  progress  in  our 
laboratory  on  a  device  structure  in  p  epitaxial 
layer  over  n  substrate,  in  which  the  epistrate- 
substrate  p-n  junction  acts  as  a  sink  for  dif¬ 
fusing  carriers. 
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